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ABSTRACT 
The experimentally observed nonlinear elastic (Mie) 
scattering (Huston et al., 1990) is analyzed theoretically. It 
is found that the nonlinearity is due to a degradation of the 
quality factor of a resonance that was originally narrow, and 
one viable mechanism for it is the surface bulge, ca\xsed by 
electrostriction, at the two poles and the Descartes ring. 
Unlike the development of the bulge itself, its effect on the Q 
degradation occurs over a shorter time scale (tenths of jus) 
because the leakage of light depends critically on the radius 
of curvature. The result calculated agrees well with the 
experiment, except for the observed envelope fluctuation of the 
scattered signal. 
In addition, the other three proposed mechanisms (electro-
strictively induced bulk acoustic vibrations, stimulated 
Bri1louin scattering and bubble formation) are also studied, 
but each of them, by itself, cannot account for the necessary 
degradat ion. 
v i 
Chapter 1 ‘ 
Introduction 
The basic physics of light scattering by small particles 
is familiar and many everyday observations can be related to 
it, e.g. the blue of the sky or the colors of the rainbow 
(Nussenzveig, 1969, 1977, 1979; Khare and Nussenzveig., 1974). 
The Rayleigh scattering theory is useful for particles small 
compared with the light wavelength (Young, 1982). But the most 
interesting features are found in micron-sized transparent 
spheres, which are mesoscopic. That is, they are not small 
enough to satisfy the Rayleigh criterion, and yet they are not 
large enough to fully apply ray optics. Optical systems on 
this scale have to be dealt with by the full apparatus of 
classical EM theory, and can also be understood, albeit only in 
part and only qualitatively, by ray optics. This type of 
scattering is known as Mie scattering. One distinct example of 
this kind of such a system is a liquid microdroplet, which has 
the advantages of a rather smooth surface and its size can be 
varied and measured accurately. 
In recent years, more and more attention has been drawn to 
optical processes in microdroplets because of the richness in 
the demonstrations of various nonlinear phenomena, e.g. 
stimulated Brillouin scattering (SBS) (Zhang and Chang, 1989; 
Zhang, Chen an^i Chang, 1 9 9 0 ) , multiorder stimulated Raman 
scattering (SRS) (Cooney and Gross, 1982; Snow, Qian and Chang, 
1985; Qian and Chang, 1986; Pinnick et al.f 1988; Biswas et 
al., 1989a; Lin, Eversole and Campillo, 1990a; Xie et al., 
1991; Lin et al.f 1990; Chen et al., 1991) and lasing (Tzang et 
i 
a2., 1984; Lin et al., 1986; Qian et ai., 1986; Biswas et al.9 
1989b). 
Total internal reflection of light at near-grazing 
incidence by the nearly perfectly spherical surface results in 
high-Q modes, which are called morphology-dependent-resonances 
(MDR' s) . The most important effect of the MDR's is that the 
density of states is modified (Ching, Lai and Young, .1987a, b) • 
This may provide enhancements in regard to the cavity quantum 
electrodynamic effects (Kleppner, 1981; Hulet, Hilfer and 
Kleppner, 1985; Haroche and Kleppner, 1989; Campillo, Eversole 
and Lin, 1991; Yamamoto and Slusher, 1993), 
Developments in experiments and theories are still going 
on to enrich the explorations and supplement each other. The 
scattered signal in the traditional Mie or elastic scattering 
depends linearly on the incident amplitude. However, recent 
experiments (Huston et al. , 1990� Wirth et al., 1992) disclose 
a nonlinear dependence after the illumination by an intense 
一 2 
pulse or a pulse train of intensity 〜2 GW cm . The cause is 
not known yet, but it is commonly agreed that it is a 
consequence of a drastic degradation of the Q—factor, by 3 to 4 
orders of magnitude. Several mechanisms (Huston et al.,1990； 
Wirth et al, , 1992; Lai et al. , 1993) have been proposed as the 
sources of the degradation. They are, namely: 
1. Electrostrictively induced bulk acoustic vibrations, 
2. Stimulated Brillouin scattering, 
3. Ultra-microscopic bubble formation in the microdroplet, 
and 
4. The electrostrictively induced surface oscillations. 
The last one has been previously overlooked because of the 
2 
great disparity in the time scales (Lai et a � � 1 9 9 3 ) ; never-/ 
theless, we put it together with others and attempt to render a 
systematic analysis. 
Our ultimate target is to find out the right mechanism for 
the nonlinear elastic scattering. This problem deserves a 
detailed investigation because the linewidth (r <r Q "
1
) always 
plays a central role in many optical processes. For instance, 
a very narrow mode cannot take up too much energy from a 
transient pulse, and hence nonlinear processes may be 
inhibited. For the same reason, the high-Q modes are usually 
not seen in a scattered spectrum. On the other hand, if there 
is a gain in a nonlinear process, e.g. SBS, the growth in 
intensity is exponential during the time r 〜Q/w, which is the 
time scale for the confinement of phonons in the microdroplet. 
So changes in Q can be enormously important. Another effect 
that is closely related to the Q-factor is the cavity QED 
enhancement (Purcel1, 1946； Ching, Lai and Young, 1987a, b; 
Campi11o, Eversole and Lin, 1991). Simply speaking, a 
microdroplet being resonant to a high-Q or low-Q mode would 
have completely different observations. The nonlinear Mie 
scattering essentially is a dynamic transition from the former 
to the latter. An understanding of the whole scenario is 
necessary and would benefit other related branches of this 
field. 
The plan of this thesis is as follows. A full descrip-
tions of the nonlinear Mie scattering (Huston et al. 9 1990) and 
the proposed mechanisms for it are given in Chapter 3. The 
necessary tools in the analysis is reviewed in Chapters 2 and 
4. Chapter 2 gives a brief description of the standard Mie 
3 
s c a t t e r i n g and the f e a t u r e s of M D R ' s; b o t h eases steady 
illumination and pulsed illumination are discussed. Chapter 4 
introduces the electrostriction effect, which is the 
interaction between an EM field and a dielectric medium, and 
the perturbation theory of the linewidth. The energy trapped 
in a microdroplet leaks to outside and so the usual 
perturbation theory cannot be applied directly to such a leaky 
system. Chapter 4 includes the development of the perturbation 
theory for a leaky system, in the EM case. Chapters 5-8 
contain the core of this thesis; each chapter is devoted to the 
analysis of one of the four proposed mechanisms. 
The work in Chapter 6 (Low-frequency Surface Oscillations) 
is vital because we will eventually find that the early stage 
of surface bulging at the central front and near the so-called 
Descartes ring is important• The observed degradation of Q-
factor is caused by it. 
In fact, researchers (Srivastava and Jarzembski, 1991; Xie 
et al., 1991a, b; Chen et al., 1993) have observed the extra 
leakage of SRS or lasing radiation from the Descartes ring. 
Many possible mechanism, including the laser-induced 
electrostrictive surface bulge (Xie et al., 1991b; Chen et al., 
1993) have been proposed* Parts of their observations are 
consistent with the result found in this thesis. We will 
discuss this, and a closely-related experiment (Wirth et al., 
1992) in Chapter 9. 
In the text we would highlight the physics rather than 
mathematics, and so any lengthy derivations will be moved to 
Appendices. The rationalized MKSA system of units is adopted 
throughout this thesis. 
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CHAPTER 2 
Standard Mie Scattering 
and Morphology Dependent Resonances 
From the late nineteenth and early twentieth centuries, 
many eminent mathematical physicists have worked on the 
scattering of plane waves by a tiny dielectric sphere. The two 
:
J>est known classics are due to Rayleigh -(1871) and Mie (1908). 
Rayleigh dealt with the case of the scat terer, s size.being much 
smaller than the wavelength X 一 nowadays known as Rayleigh 
scattering. On the other hand, Mie calculated the leading 
partial waves of the scattering field, in order to obtain 
numerical results for spheres whose sizes are not necessarily 
small compared to the wavelength. Mie's work has since become 
the basis of other developments in this field. 
Conceptually, the mathematical formulation of Mie 
scattering (also called Lorentz-Mie scattering) is a simple 
boundary value problem. Although the acquisition of the final 
result is a lengthy and laborious algebraic task (made somewhat 
easier with electronic computers), it is only necessary to 
solve Maxwell's equations with the correct boundary conditions. 
In this chapter, the core of the theory is reviewed briefly for 
the benefit of later discussions. A very closely related 
phenomenon, the morphology dependent resonance (MDR), is also 
introduced. 
The formal ism of Mie theory is found in Appendix A and in 
many works in the literature as well (e.g. Kerker, 1969; van de 
Hulst, 1981； Bohren and Huffman, 1983; Hill and Benner, 1988; 
Barber and Hill, 1990). 
5 
2.1 General Descriptions 
The scattering of light by tiny dielectric spheres occurs 
in n a t u r e , e.g. the illumination of mist by sunlight and the 
formation of rainbows. Experimentally, these events can be 
studied in a controlled manner by squeezing liquid droplets 
(e.g. w a t e r , ethanol, C S
2
) of a definite size from a small 
O r i f i c e of a large r e s e r v o i r . These droplets soon become 
nearly perfect spheres as they fall from the orifice, because 
of surface tension. A steady or pulsed laser beam of a 
def inite frequency i1luminates the droplet, and a detector is 
placed somewhere at a distance from the droplet to monitor the 
scattered signals. An experimental setup for light scattering 
on liquid droplets, described by Lin, Eversole and Campillo 
(1990b) is shown in Figure 2.1.1a. Besides the persistence of 
spherical geometry, other advantages of using liquid as the 
medium of the droplets are the accurate determination and easy 
tuning of their sizes. 
The usual model for physical analysis is a single droplet 
of radius a placed in vacuum and illuminated by a beam of light 
of wavelength X. The problem is characterized by two para" 
meters: the index of refraction of the sphere, n, and the 
dimensionless ratio between the circumference and the 
wavelength X, x = 2na/\. In typical experiments, the radii of 
droplets are in the regime of /jm, corresponding to size 
parameter x = -30 to 〜500 for X = 0.5 /im, Droplets of this 
size scale are mesoscopic and called microdroplets； they are 
well-described by Mie theory. 
Figure 2.1.1b shows the coordinate system denoted by 
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Fig. 2.1,lb 
Light propagating along the positive z—axis impinges upon a 
droplet with the coordinate system shown. 
8 
origin and the incident light propagating along the positive z-
axis. 
There are many ways of performing the scattering 
experiment. The traditional one is the observation of the 
scattered signals at different angles at a given n and x (e.g. 
Chu, Clark and Churchill, 1957; Denman, Heller and Pangonis, 
‘1966; Drake and Gordon, 1985). Fig. 2.1.2 shows the calculated 
log[I(6)/I(0)] for a droplet of x = 30 and n =1.366, 'where 1(0) 
gives the angular variation of the intensity of the light 
scattered. There is a maximum in front (0 = 0°) and the 
intensity falls rapidly with increasing e. 
Alternatively, it is equally interesting to place the 
detector at a particular position and investigate the scattered 
fields by sweeping the size of microdroplets through a range. 
A practical method of changing the size continuously is by a 
gradual shift of the operating frequency of the vibrating 
orifice, through which droplets are squeezed out (Lin, Eversole 
and Campillo, 1990b; Fig. 2.1.1a). The microdroplets at 
different sizes are illuminated successively by an incident 
beam of a particular wavelength. Recently, a few experiments 
using such a technique have been achieved (e.g. Eversole et 
al., 1990; Lin et al., 1990； Lin, Eversole and Campillo, 1990a; 
Huston et al9 1990). 
A simulation of data on such an experiment is presented 
here, by assuming an incident plane wave of circular 
polarization and a detector placed at 0 « 88.9°. Filters can 
be added to separate the intensities of the two mutually 
perpendicular polarizations, I
0
 and I,. They are computed by 
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Fig. 2.1.2 
Angle-dependence of the intensity (log scale) scattered by a droplet of 






















































































































































































































































































































































































































































































100. Such graphs usually agree quite well with experimental 
results, especially after the calculated intensities have been 
averaged over a small solid angle for imitating the size of a 
sensor (Eversole et al. 9 1990). The graph is far from smooth, 
because there are sharp peaks superposed on a background. 
These pronounced spikes are unique to the particular values of 
size parameter arid index of refraction. They are critical to 
some nonlinear processes, and are called "morphology-dependent 
resonances" (MDR's), whose characteristics depend on the 
cavity, but not on any atomic-scale phenomena. In contrast to 
the sharp peaks, the background field is referred as 
nonresonant. These two type of radiation will be discussed in 
the following two subsections separately. 
2.1.1 Nonresonant Scattering 
2.1.1.1 Internal Intensity 
When the frequency of the incident light does not match an 
MDR, the field is nonresonant. We can examine the internal 
distribution of energy by just summing the partial wave series 
(A.11). The spheres chosen to be discussed here are 
nonabsorptive liquid microdroplets of refractive index n = 
1.366. Figure 2.1.4a shows the light intensity, in units of 
the incident intensity , on the surface of a droplet of size 
o 
x = 30. Obviously, there is an enhancement by a factor 〜10 in 
the forward direction, and a slightly weaker enhancement in the 
backward direction. A prominent peak seen in the figure (which 
is actually a ring) is found at 9 « 12°. This ring is 
connected to the classical Descartes theory of the rainbow, so 
it is often denoted as "Descartes ring". Figures 2.1.4b and 
13 
2.i.4c reveal similar features for droplets of other sizes. 
H o w e v e r
»
 w i t h
 increasing droplet size, there are more ‘ 
fluctuations inside the circle bounded by the ring, and the 
ring itself shifts to be nearer 19°. 
2.1A.2 Understanding in Terms of Geometric Optics 
In some respects the nonresonant enhancements inside the 
droplet can be u n d e r s t o o d , at least qualitatively, by geometric 
optics, which is expected to be exact for x — co. The incident 
plane wave can be regarded as composed of many parallel fine 
rays. Each ray refracts into the droplet and converges onto a 
small circular patch on the exit face (Figure 2.1.5). A ray at 
impact parameter b first hits the exit face at a polar angle e 
0 = 2 s i r T l ( — — ) � sin "(b') (2.1.1) 
n 
where b's b / a , n is the refractive index and a is the radius of 
the d r o p l e t . It is found that 0 has a local maximum at 18.8 
when n == 1.366; the ray density is high there and it agrees 
well with the location of Descartes ring predicted by Mie 
theory. 
Still based on the arguments of geometric optics, we can 
deduce the existence of the two well known "hot-spots" on the 
axis. The rays, after the first internal reflection (Figure 
2.1.5), will cross the z-axis with the coordinate z: 
z
 f
 4 b '
2
 o 1/2 4 b '
2
 2 2 1/2 
- = { (3 - — ) ( 1 _ b '
2
) " -（ 1 - — ) ( n
2
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Fig, 2 - 1,4a 
Nonresonant intensity in units of the incident I versus polar angle on. 
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Fig. 2.1.4b 
I Nonresonant intensity in units of the incident I
q
 versus polar angle on 
the surface of a droplet of x = 60. The refractive index is n = 1.366. 
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Fig. 2.1.4c 
Nonresonant intensity in units of the incident I
Q
 versus polar angle on 
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Fig. 2.1,5 
|Three incident rays refract into a droplet and undergo several internal 
reflections. b is the impact parameter. 
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The ratio z/a ranges from 0.6 to 0.9, and so an enhancement , 
(the first hot spot) is found there. In the backward direction 
(e 〜 1 8 0
o
) , the other peak on the axis inside the droplet is 
caused by another cluster of the rays after undergoing their 
second or third internal reflections (the second hot spot). 
Figure 2.1.6 shows a numerical plot of the intensity along the 
z-axis from Mie theory; it is consistent with our above 
association. Figure 2.1,7 shows perspective views of the 
intensities inside droplets in a plane containing the z-axis 
for x = 30 and x = 137. 
2.1.2 Resonances 
Besides polarizations (TE and TM) , MDR
1
 s are also 
distinguished by the labels 尤,n and m, where 1 is the 
principal mode number specifying the angular momentum, nx is the 
order of resonance for the same � as x increases, and m is the 
azimuthal quantum number. Pictorially, as a resonance field 
specified by {Z
9
 >n.) is plotted, there are Z maxima on the 
surf ace intensity from 0 = 0° to 180°, and /a maxima along one 
radius (Figure 2.1.9). The multiplets arising from the (2Z + 
1) different m
1
 s of a fixed t are degenerate in the limit of 
exact spherical symmetry. The {2t + 1) degeneracy can be 
lifted by some perturbations, e.g. a surface distortion. 
In this thesis, MDR’s are denoted by T E ( � , n ) or T M U , n ) , 
with notations explained above. 
The calculated positions (in term of the size parameter 
x ) and the linewidths (in term of the width r
x
 in the size 
parameter) of some selected M D R
1
s are shown in Table 2.3.1 for 
a droplet of refractive index 1.3 or 1.4. 
19 
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Fig. 2.1.6 
Nonresonant intensity in units of the incident along the z-axis 
inside a droplet of x = 137 and n = 1.366. The high intensity on the 

























































































































































































































































refractive index n M D R U ,
 n
) ~ T ~ " ' 一 — ~ r 
- - o x ‘ 
K 3
 T E ( 5 0 ， 1 ) 4 2 . 9 6 ~ 4 . 5 9 x 1 0 一 3 
K 3





 T E ( 5 0 , 3 ) 4 4 . 3 6 1 . 1 0 x 1 0 一 2 
i .
3
 T M ( 5 0 , 3 ) 4 4 . 7 2 2 . 0 0 x 1 0 一 2 
T E ( 1 0 0 , 3 ) 8 6 . 0 2 1 . 8 4 x 1 0 " "
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The calculated positions (x ) and linewidths (r ) of some 
selected MDR' s, specified by TE(>e, n) or T M U , n) , where I is 
principal mode number and n is the order number, for a droplet 
of refractive index 1.3 or 1.4. 
2.1.2.1 0-factor 
When a sharp peak corresponding to an MDR in Figure 2.1.3 
is magnified, its shape is typical and common to many other 
resonant cavities: it is a Lorentzian. Figure 2.1.8 shows such 
a 1ineshape which is centered as x and which has the full 
width at half maximum (FWFM) F . A nonzero 1inewidth implies 
energy dissipation. 
-r t/2 
The field amplitude for an MDR decays as e " after the 
passage of an incident pulse, where r^ is the width in 
frequency units. The energy is proportional to the square of 
一 r t 
the amplitude, i.e. to e co • The time constant r during which 
一 1 
the energy decays by a factor of e is t = r^ • In this way, 
the formal definition of the quality factor Q is 
23 
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Xo 
Fig.2.1.8 
Lineshape of a MDR i s a Lorentzian. x
Q
 is the position of the peak and 
r
x
 is the FWHM linewidth. 
24 
0) X 
Q = cot= ° = 0 




The Q-factor of a cavity is the number of radians of 
oscillation required for the energy to fall by a factor of e, 
or the ratio of the time-averaged energy stored in the cavity 
to the energy lost per radian. The Q-factor reflects how well 
the cavity can confine light inside. • 





. But in some extreme cases, the theoretical Q computed can 
20 
be as high as 10 or more if the cavity is assumed to be 
exactly spherical, homogeneous and transparent. In case any 
one of these assumptions is spoiled by a small amount, a 
drastic deterioration of the high Q-factor results. For 
example, light would be absorbed during its internal 
propagation if the liquid medium is absorptive (see Subsection 
2.2.2.2) . The storage time is reduced and so Q is degraded. 
The reduction of the MDR Q-factor is a central theme of this 
thes is. 
2.1.2.2 Internal Intensity 
Figure 2.1.9a shows the intensity of the resonant mode 
TE(50, 3) on the surface of a droplet of n = 1.5, and Figure 
2.1.9b shows how the intensity of that mode varies with the 
radial position r after averaging over angles. Both are 
expressed in units of the incident intensity and the former 
assumes the azimuthal quantum number m = 0. It is impressive 
that the field is strong on the surface and the highest 
intensity over the whole droplet is situated somewhere below 
25 










0° 60° 120° 180° 
Fig.2.1.9a 
Surface r e s o n a n t intensity of T E ( 5 0 , 3) versus 0, expressed in units of 
the incident I . The refractive index is 1.5 and the azimuthal quantum 
o 
number m is zero. The intensity at the two poles is high because all 
Photons pass there. The number of maxima (50) on the surface is equal 
to the mode number of the resonance. 
26 
3 0 -| ： 
0 0.5 1 
r/a 
Fig. 2.1.9b 
Angle-averaged resonant intensity of TE(50, 3) versus r/a, expressed in 
units of the incident I • The refractive index is 1.5. The number of 
o 
maxima (3) along a radius is equal to the order number of the 
resonance. 
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and near the surface Th^ i n + o 〜 ” 
= > u
I i a c e
. 丄 n e intensity is negligibly small
 a
t trie 






' A field d i s t r i b u t i o n which is concentrated near the 
rim such as this, in fact, signifies good confinement of light 
by internal r e f l e c t i o n . M o r e o v e r , the two extremities (e = 0° 
and 0 = 180°) on the surface display exceedingly high 
i n t e n s i t i e s . Figure 2.1.10 shows a two-dimensional perspective 
illustration of the intensity (log scale) for the mode TE(50, 
1) in a Plane containing the z - a x i s . These observations, once 
a g a i n , can be understood qualitatively by an intuitive picture 
of geometric o p t i c s . 
2.1.2.3 Understanding in Terms Geometric Optics 
An MDR can be visualized as photons propagating with small 
radial m o m e n t u m , so that they glance off the surface nearly 
tangentially by undergoing total internal reflections (Figure 
2.1.11). Such a beam returns to its starting point in phase 
after completing the internal reflections, and thereby a 
standing wave is formed on the surface. The beams are 
displaced from the center by a minimum distance asin0. > a/n, 
where is the angle of incidence； at the place of their 
inmost reach the light is intense and so there appears the 
intensity m a x i m u m , as shown in Figure 2.1.9b. The first 
resonance of a definite I has n x
Q
 « I, corresponding to fitting 
the maximum number of wavelengths on the circumference. In 
addition, a photon goes around the circumference in a great 
circle with an azimuthal quantum number m , which is determined 
by the inclination of the normal of the plane containing the 







































































































































I Interpretation of an MDR in terms of geometric optics: ray 
circumscribes the surface by undergoing multiple total internal 
reflections to return to its starting point in phase. 
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through the two poles and so high intensities appear t h e r e . , 
Although the above picture makes some properties of an MDR 
apparent, it cannot disclose the process of how light can 
couple into or out an M D R . According to geometric optics, 
light cannot go into a mode when it is not allowed to leak away 
from i t . Actually, a very leaky mode has an angle of incidence 
just marginally exceeding the critical angle; its large radial 
momentum brings about the dumping of energy. The energy 
storage time of such a leaky mode can only be predicted by the 
theory of diffraction. 
2.2 Theories 
2.2.1 Nonresonances 
The complete description of the nonresonant Mie theory is 
found in Appendix A . Here, we only write the equations 
schematically. The internal electric field is 
E 〜 $ { 、 j ^ ( n k r ) X^ + ^ v x [j^(nkr) X^] } (2.2.1) 
where is the spherical Bessel function of the first kind and 
X is the vector spherical harmonic describing the angular 
dependence and defined in (A.2). The azimuthal number m = 1 
(-1) is appropriate for a plane wave of left (right) circular 
polarization. The first (second) term in (2.2.1) corresponds 
to the TE (TM) polarization. The scattered field has the 
similar form as (2.2.1), with only the replacement of the 
function \
p
 by the spherical Hankel function h^
1
 • In the case 
of an incident plane wave, the coefficients a and p, which 
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d e p e n d
 °
n t h e
 refractive index n, size parameter x and mode 
number l
f
 for both the internal field and scattered field are 
given in (A.7) and (A.8). 
2.2.2 Resonances 
MDR,s arise from the zeros at complex values of x of the 
denominator of the coefficient a O ) , and are therefore termed . 
TE (TM) resonances. Physically, the coefficient a (/3) 
represents the ratio of internal field to incident field. An 
infinity of such a ratio means the internal field still 
persists even when the incident field has gone. The resonant 
field diminishes gradually and so the mode is leaky: the zeros 
are complex and are situated in the lower half w-plane 
(negative imaginary part). MDR's are often referred to as 
quasi-modes or quasi-normal modes. 
A resonant frequency which is complex with negative 
imaginary part is denoted as o 一 ir /2 and its corresponding x 
O (t) " 
(=CO a/c) as x - ir /2. r is the FWHM linewidth of the 
o x 
Lorentzian profile of the resonance (Figure 2.1.8). 
2.2.2.1 TE Mode in Lorentzian Form 
Much of our later discussion is devoted to TE resonances, 
therefore it is worthwhile to have a closer look at it. The 
lineshape of an MDR is approximately Lorentzian, from which we 
attempt to obtain an approximate expression of its internal 
energy distribution for a real x very close to the resonant 
frequency x - ir /2. The electric field at a TE resonance 
o x » 
mode of order t is 
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E ( r , t ) = i i Z a j ( n k r ) 1 e 一 i w t 
2 I ,^±1 
(2.2.2) 
with unit a m p l i t u d e of the incident plane wave. (A.7a) gives 
a , whose d e n o m i n a t o r is 
< f ^ r 
�� � f 
j ( x ) hy)(x) - j ( x ) h ⑴ � X ) ( 2 . 2 . 3 ) 
« 
By definition, ( 2 . 2 . 3 ) vanishes when x has the value z = x -
o o 
i r x / 2 at the resonant mode I . An arbitrary real x can be 
written as 
x = ( x o - i r
x
/ 2 ) + [(x - X � � + ir
x
/2] 
s z Q + A z ( 2 . 2 . 4 ) 
If jAz j < < 1 , it is legitimate to expand each term in ( 2 . 2 . 3 ) 
about z to first order in A z . Terms are simplified with the o 
aid of the Bessel equation and finally, ( 2 . 2 . 3 ) at the resonant 
mode t becomes 
(n
2






) Az (2.2.5) 
which can be further approximated by replacing z in the o 
arguments o f j and h ⑴ by x Q, provided 〜 < < x Q . Moreover, a 
recent result (Lam, Leung 
and Young, 1992) 
( n 2 - 1 ) x j | h ^ | 2 = p ( 2 . 2 . 6 ) 
x 
allows our result to be expressed in a cleaner form. Finally, 
we find 
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e2 = 4ir(2^1) r
 J , ( n k r ) i 2 艾 2 rx " 
r e S
 一 (n2 一 1 ) 《 ^ J “ J ( x-V 2 + ( V 2 ) 2 
(2.2.7) 
from which the angular average on the surface and the spatial 
average over the whole droplet can be evaluated. They are 
1 P P2
 rx /2 
I h dQ = (2 2 8、 
An J res , 2 ,、2 , 、2 2 









3 rE2 d3r = ^M
 Vx " 
~""“3 J res r 7~2 ~~Y “ 、2 ^  ,。、2 (2.2.9) 
v 2n Xq (X-Xq) + (rx/2) 
respectively. The latter is obtained with the aid of 
r





 dr ^ — (2.2.10) 
o 2 n 
A similar but not completely identical result to (2.2.9) 
and the rationale behind (2.2.10) are given by Lam, Leung and 
Young (1992). 
The resonant intensity is proportional to the factor 
r
Y
/ … 、2 ， n 、 2 “ as similar to many optical cavities the x /
2 [ ( X - X
q
) + ( r
x
/ 2 ) J 
resonance lineshape is Lorentzian, as evidenced experimentally. 
From (2.2.7) we see that the height of the lineshape is inver-
sely proportional to the full width at half maximum (FWHM). In 
short, a narrow MDR must be tall and vice versa. If a 
Lorentzian is integrated over, the area under it is about the 
product of height and width; therefore it is independent of q 
34 
at a l l . , . 
2.2.2.2 D e g r a d a t i o n due to Absorption 
A simple analysis aiming to see how a TE MDR be affected 
by a slight absorption of the liquid is given h e r e . 
Many authors (e . g . Hill and B e n n e r , 1988; Huston et al.9 
1990) have already mentioned that the overall Q is . 
I _ 1 1 
Q 一 q " ~ “ ~ 一  + 0 - (2.2.11) 
、leakage
 x
a b s o r p t i o n 
where Q l e a k a g e is the cavity's intrinsic Q . In this subsection 
we are going to show that the Q due to absorption is 
1 real part of n 
Q
a b s o r p t i o n
 w
 2 imaginary part of n (2.2.12) 
which is equivalent to 2jrn/Xa, where n is the real index of 
refract ion and a is the absorption coefficient (Chylek et al., 
1991). For e x a m p l e , we take n 二 1.4 and consider the mode 
T E ( 1 2 0 , 1). For this m o d e , the x
q
 and intrinsic Q calculated 
14 « 
are 91.69 and 5.5 x 10 r e s p e c t i v e l y . We modify its 
refractive index to be slightly complex (i.e. absorptive) with 
an imaginary p a r t , An = 1 0 "
8
i . From (2.2.12), the perturbed Q 
7 
is computed to be 7 x 10 • 
The An used here is very realistic for many "transparent" 
g 
liquids. In other w o r d s , a practical Q is limited by about 10 
no matter what mode it is. 
Other sources leading to a further deterioration of the Q-
factor can be similarly incorporated into the RHS of (2.2.11). 
35 
The d e r i v a t i o n of (2.2.11) or (2.2.12) is rather straight-
f o r w a r d . The v a n i s h i n g of (2.2.3), i.e. 
nj • (nx) h
( 1 )







 K X )
 = 0 (2.2.13) 
is the d e f i n i t i o n of the resonant x , where the primes on j and 
h 心 indicate d i f f e r e n t i a t i o n w.r.t. the argument. Eq.(2.2.13) 
can be regarded as defining x as an implicit function of n. We 
d i f f e r e n t i a t e both side with respect to n and simplify the 
result by using the Bessel equation. Finally we establish 








( n x ) j
^
( n x )
 „ ^ 
I 一 一 j尤（nx)j尤（nx) 
j^Cnx)
 n X J 
(2.2.14) 
It is curious to note that we can link the above 





j《( n k r )
2
d r = ^ [ J (2.2.15) 
where the terms inside the brackets in (2.2.15) are identical 
to those of (2.2.14). Furthermore, (2.2.10) is the approximate 
form of the integral if k a = x
Q
 is the size parameter of a 
resonance, from which our result can be simplified and written 
as 
x 
Ax ^ - — — A n (2.2.16) 
n 
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Suppose an MDK calculated for a purely real index of refraction 
is known, we then 'switch on' the imaginary part to see how the 
linewidth be broadened. The shift in x can be evaluated from 
A n
'
 W e o b t a i n
 (2.2.12) from (2.2.16). Eqn. (2.2.12) can also 
b e
 derived from the first-order perturbation theory (Section 
4.2) with accuracy up to 0(1/Q) (Lai et al., 1991). 
2.2.3 Response to a Pulse 
So far we have discussed the intensity of an MDR under the 
illumination of a steady plane wave. It remains interesting to 
examine the differences that will be introduced if the steady 
incident wave is replaced by a short pulse. It is expected 
that the transient effect of a nonresonant mode is different 
from that of a resonant m o d e . The internal field of the former 
rises and falls with the incident pulse, but the latter can 
store radiation for a longer time. Another aspect of interest 
is to investigate what fraction of incident energy can be used 
by a narrow M D R . We will show in this subsection that this 
fraction oc 1/Q. This point is very critical for understanding 
the nonlinear Mie scattering, which is the central theme of 
this thesis. 
A transient plane wave is a superposition of many sinu-
soidal plane waves. If the polarization is suppressed, the 
incident plane wave can be expressed as 
” ， r dw w 、 -iw(t-z/c) (2.2.17) E (
Z
, t) = I — A(w - e 
o J 2n ° 
where A is a complex function peaked around w
Q
, the real 
resonant frequency. The sphere is situated at the origin and 
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so z = o henceforth. IA|2
 i s
 the intensity spectrum and may be 
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of the intensity distribution and the total energy per unit 
一 2 尤 ‘ 
I r e a U
Q
 (in J m ) carried by the pulse:" 
« 
r , 
V : — and B
2
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 is the permittivity of free space and c is the speed 
of light. In principle, we have to know the phase in order to 
fully characterize the incident field. However, the phase 
variation is negligible if the duration of the pulse r
T





A/ 、！i -(co - o) ) /2a 2 (2.2.20) A(w - <o ) = 6 e v o J ' q  v J 0 
2.2.3.1 Nonresonant Modes 
In the case of nonresonance» the internal field due to 
each a) in (2.2.17) is given by (A.4). Thus, the internal field 
summing all contributions from each w has the form 
1 ① r do) — i(jt f ^ 
E(r
f
 t) = ^ Y J - A(ca - e .} 
(2.2.21) 
where the factor enclosed by the braces is the same as that in 
(A.4), in which k = w/c and x = w a/c; circular polarization is 
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also assumed. Tne nonresonant coefficients « and p vary on a 
scale Ax ^ n. All the frequency-dependent terms inside the 
braces can be regarded as constants within the laser profile if 








L (2.2.22) 々 x — ‘ 
o 
is satisfied, where r
n r
 is the nonresonant linewidth. Then, 
the whole term enclosed by the braces in (2.2.21) can be taken 
out of the integral and evaluated at w = w - The remaining 
integral is just (2.2.17) at z = 0. In other words, the 
nonresonant internal field is 
— internal electric field of incident 
E(r,t) = E (0,t) x 0
 plane wave of unit amplitude at w 
o 
(2.2.23) 
which has the same time dependence as the incident field, 
2.2.3.2 Resonant Modes 
The internal field due to each w in (2.2.17) is given by 
(2.2.2). Here, the resonant coefficient a is rapidly changing 
in a), and its denominator is similarly expanded as (2.2.5) . In 
addition, a narrow MDR with its linewidth much smaller than 





is considered, and so functions (including A) that are slow-
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The integral is simple and shown to be 
- i e - ^ V ^ t e
(
t ) '(2.2.26a) 
where 0(t) is the unit step function 
r
 1 when t > 0 
e ( t ) = , 
“ 0 when t < 0 (2.2.26b) 
From (2.2.26a), it is clear that the field rises sharply at t = 
0 (the arrival of the pulse) and then decays exponentially on a 
slow time scale 〜r : • The step function, of course, is not 
really the case for a finite duration of the pulse. 
Nevertheless, it is qualitatively correct and does not lose any 
• . 2 
significant details. The average of E over angles and several 
optical cycles is found to be 
3 /* ―女—> 
— dQ E -E = 
8jc J 
3 (21 + 1) ^Jrln2 ( r^ . f j^(nkr) — t 
2 2"""" — U e « e(t) 
(n
2











after simplification using (2.2.6). 
2 v 
The average of E over the whole droplet can also be 
worked out by using (2.2.10): 
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— f dv t ' t =
 3
 (乂 + “ 闷 f 、
n
 ] -r t 
8 j r a 3 J 0 2 2 I F
 U
o J
 e W 0
 ⑴ b n a
 2 n x a € L 
o o 
(2.2.28) 
It is evident that only a part of the incident energy U
Q 
can be utilized in the resonant mode; the fraction is r /r oc 
(0 L 
1/Q. It is in full consistency with the dictum: "difficult to 
enter as it is difficult to leak". In addition, the. two r 's 
(0 
appearing in (2.2.27) or (2.2.28) have different sources. The 
one appearing in the r a t i o、 /〜 i s the nonabsorptive cavity 
MDR FWHM linewidth since it derives from (2.2.6), whereas that 
in the exponential function is the one including absorption. 
As light diffracts into the droplet from outside, the process 
occurs at the interface and therefore should not depend on the 
absorptive nature of the interior medium. Absorption, taking 
place when light propagates inside the medium, makes a loss in 
the internal energy and so its effect must appear in the 
overall leakage of light. 
In an experiment of irradiating broadband pulses upon 
droplets of different sizes, narrow M D R
1
s (e.g. leading orders 
of a high t mode) are difficult to observe in the scattering 
spectrum because of their small utilization of the incident 
energy. Any perceptible identification of them in the spectrum 




Mie or elastic scattering, which is discussed in the 
previous chapter, is a linear phenomenon since the scattered 
intensity is proportional to the incident one. In contrast, a 
noticeable nonlinear effect in Mie scattering for a high input 
intensity has recently been observed experimentally (Huston et 
a i
- '
1 9 9 0 ; W i r t h e t
 1992). The interpretation is uncertain, 
and several mechanisms have been proposed to account for it. 
However, most of these theories are primitive and have not yet 
been analyzed systematically. We aim to fulfil this task and 
attempt to make a good discrimination among them. 
The experiment we are interested in and to which frequent 
reference will be made in the rest of this thesis is that 
accomplished by Huston et al• of Naval Research Laboratory, USA 
in 1990. (It is called the "nonlinear Mie scattering" or the 
"NRL experiment" henceforth.) The experiment by Wirth et al. 
(1992) will also be discussed in due course. 
3.1 NRL Experiment 
3.1.1 Observations 
In one part of the experiment, a train of approximately 
twenty pulses with increasing and then decreasing intensity is 
incident on ethanol droplets of refractive index 1 .366. The 
- 2 
middle pulse has the greatest intensity I
Q
 = 2 GW cm • Pulses 
are separated by 10 ns (repetition rate f ~ 0.1 GHz) and each 
lasts for x ~ 0.1 ns. 
L 
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Figure 3.1.1 shows the observations. At first the inci-, 
dent field was made to be resonant with a mode of low Q (〜10
3
) 
and the scattered intensities just proportionally reproduce the 
typical shapes of the incident pulses. This is normal linear 
scattering (Figure 3.1.1a). Quite different patterns were 
obtained when the resonant mode was chosen to be TE(164, 3”， 
which has a high Q (Figure 3.1.1b and c)• ‘The first few 
scattered pulses seem usual, but a drastic increase in the 
detected signal takes place at the ninth or tenth pulse. After 
that, the envelope of the pulse train fluctuates with a rather 
mixed or unsteady oscillation, claimed to be composed of 25, 
75, 100, 125, 175 and 200 MHz, etc. (Huston et al. 1990). The 
ratio of the signal-to-input changes, and so the scattering is 
n o n l i n e a r . 
3.1.2 Parameters 
The size of the droplets is tuned to be resonant with the 
mode T E ( 1 6 4 , 3)* whose conventionally defined size parameter is 
2 ft a 
x = = 137.56243 (3.1.1) 
o X 
Here, the peak of the laser profile almost coincides with the 
resonant frequency, and so both are henceforth label led by o>
o 
if there is no need to distinguish between them. The laser 
-1 -i 
linewidth reported is r 〜10 ns (0*3 cm ) and the pulse 
width is x 〜0.1 ns • Because r T 〜1 , the situation is the 
L L L 
same as that discussed in Subsection 2.2.3. Moreover, the 
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Reproduced from Huston et ai.'s paper (1990). (a) Time 二 二 二 二 
incident radiation. (b) ’ (c) Typical p r o f i l e s of light scattered from 
the droplets at the TE(164, 3) resonance, Nonlinearity is observed in 
(b) and (c) after about ten pulses. 
44 
、)• TE(164, 3)* is chosen because it has a high Q-factor, 
whose theoretical value in the absence of absorption is 4.3 x 
1 ( ) 1
 ‘
 b u t t h e
 slight absorption of the liquid (n = 1.366 + 6.4 
x 1 0
~
9 i ) l i m i t s U
 “ be 〜10
8
 (see Subsection 2.2.2.2). Never-







and so meets the condition (2.2.24), i.e. r << r . In other 
(0 L 
words, a 14 the equations in Subsection 2.2.3 are appropriate 
here. After a detailed inspection, we do not find any other 
MDR inside the linewidth of the laser profile. 
For the convenience of quick reference, the typical para-
meters in the experiment are listed in Table 3.1.1. 
3.1.3 Evidence of 0 Degradation 
It is commonly agreed that this nonlinear effect is a 
result of a degradation of the Q-factor triggered by the 
pulses. The argument leading to this conclusion is given below. 
The elastic scattering cross-sect ion in a partial wave has 
the well-known form 
4 71 9 





where t is the angular momentum specifying the partial wave 
(resonance), k = 2n/X and 6(k) is the scattering phase shift. 
As the laser has a spread in k, so the effective cross-section 
• There is a minor error in the assignment of MDR's order num-
bers in Huston et al.'s paper (1990). The values quoted here 




Refractive index n 1.366 + 6.4 x 10""
9
i 
R a d i u s
 a 11.647 飗 
Size parameter x 1 3 7 5624 
Speed of sound v
&




Viscosity n 1.2 x 10一
3









Wavelength X 0.532 � 
Frequency co
q




Maximum intensity I 2 GW cm""^ 
o “ 
Pulse duration r 0.1 ns 
Li 
Pulse repetition rate f 0.1 GHz 
Laser linewidth r 10 ns 
LI 













Q~factor (original) Q 10 (actual) 









Table 3.1.1 Parameters of the NRL experiment 
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) oc J dk sin
2
6(k) (3.1.3) 
The integration in (3.1.3) extends over the laser profile. But 
the laser linewidth is much larger than the width of a(k) ’ and 
the significant nonzero 0 originates from the narrow resonance 
linewidth only. Because of the unit height of sin
2
5, one has 
2 • 






 q (3.1.4) 
The experimentally observed increase in the effective cross-
section can be reworded as saying that the resonance lineshape 
is broadened, or the Q-factor is degraded. 
The above interpretation can be confirmed by applying our 
derivations in Subsection 2.2.3.2. The amount of energy fed 
into a resonant mode from a broadband pulse is proportional to 
the factor r /r . Figure 3.1.2, also from the NRL experiment. 
u) L 
is obtained when the highly repetitive, 0.532 fdm pulsed laser 
light is incident on a droplet stream which is size-ramped 
(similar to Figure 2.1.3), 
Signals at a low input intensity and a high input 
intensity (say 2 GW cm ) display markedly distinct appearances 
in their scattered spectra consisting of nonresonant 
(background) and resonant (spikes) parts. That of low 
intensity (Figure 3.1.2a) only contains MDR's of high order 
numbers (>n = 6 , 7)，since those of low n are not broad enough 
to be infused with significant amount of energy. Some of these 
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narrow modes (n = 3, 4, 5) are eventually revealed and become 
visible when the incident energy is raised to 2 GW cm"
2
 (Figure 
3.1.2b). A possible explanation is that the high Q's are 
degraded in the latter event. 
Among the MDR's seen at low intensity, TE(146, 6) has the 




, which is nearly the same as the Q of the 
laser. On the other hand, the smallest Q which is hidden at 
first but seen finally is 3 x 1 0
6
, belonging to TE(151, 5). 
All of these lead to a reasonable deduction about the 
necessary degradation (Huston et al. , 1990) : Q has to be 
reduced close to that of the laser, i.e.〜10
5
 after irradiation 
- 2 
by the 2 GW cm pulse train. 
What is the cause of the degradation? 
3.2 Proposed Mechanisms 
There are altogether four mechanisms proposed to account 
for the observed nonlinear effect described above. They are 
(1) Volume perturbation due to electrostrictively generated 
acoustic w a v e s , 
(2) Surface perturbation due to shape distortion, 
(3) Stimulated Brillouin scattering, and 
(4) Bubbles formation. 
Each of these proposed mechanisms seems to have its own 
grounds. In fact, they are not mutually exclusive; there 
exists the possibility of a combined effect or developing one 
from another and so on. Whatever the case, each candidate will 
be treated in the following chapters in turn, and here we only 
give some cursory descriptions. 
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3.2.1 V o l u m e Pertiir^atjgn_due to Electrostr i r.tv.i
 y 
A c o u s t i c Waves 
This possibility was raised by Huston et ai.(1990). 
E l e c t r o s t r i c t i o n , being proportional to v E
2
, is strong at the 
two hot spots and thus liquid is pinched there at the passage 
of a p u l s e . Hypersonic waves are then set to oscillate 
throughout the d r o p l e t , and a time-dependent spatial variation 
of the index of refraction results. Huston et al.(1990) 
further p o i n t e d out that (a) the fundamental acoustic frequency 
of radial oscillation is 72 MHz, (b) one major component of the 
envelope oscillation (25 MHz) arises from the beating between 
the 72 MHz acoustic mode and the repetition frequency of the 
pulse train (100 M H z ) . 
R e c e n t l y , this mechanism is found to be unable to account 
for the observed degradation (Lai et al. , 1993) , because the 
_5 
amplitude of the density change is too small (6p/p
Q
 〜1 0 ； the 
Q degradat ion is many orders of magnitude inadequate). 
This mechanism is analyzed in Chapter 5. 
3.2.2 Surface Perturbation due to Shape Distortion 
The surface of a droplet is expected to undergo 
oscillations upon irradiation by an intense beam. But the time 
scale is long, on the order of /is because of inertia (Zhang and 
Chang, 1988; Lai et al. t 1989), and so such an effect has 
always been supposed to be negligible under the time scale of 
ns (Lai et al., 1993) . A fully distorted shape unquestionably 
happens at long times of order of ps, but there may neverthe-
less be an influential effect at the early stage, e.g. tens of 
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ns, even though the distortion then is minute and localized 
somewhere. Such a surface may be more apt for the light to be 
leaked away than a well-distorted one which is smooth at small 
scale. 
In this thesis, we prove that this mechanism is ulti-
mately crucial and it will be discussed in Chapter 6. 
3.2.3 Stimulated Brillouin Scattering * 
This alternative is put forward partly on the inspi-
ration of some previous plausible works on multiple-short-pulse 
SBS in an optical cell (Greirier-Mothes and Witte, 1986; Corvo 
and Gavrielides, 1988; Mullen, 1990) and the result of an 
experiment (Wirth et al. , 1992) , which is similar to but not 
the same as the NKL experiment. Although a preliminary 
estimate shows SBS is seemingly feasible to account for the NRL 
experiment (Lai et al., 1993), there remains an unsolved 
puzzle. 
Phonons have a typical loss rate of 〜1 ns while the 
effect brought about by a pulse needs to be retained as long as 
a 10 ns (interpulse separation) if it is to impose an influence 
on the next pulse. Very low-frequency phonons can do this 
because damping time is inversely proportional to the square of 
2 
wave number (viscosity is manifested by the operator • , 
relating to the relative motion of neighboring layers of the 
fluid), but generally they are not favored to be produced by 
SBS. However, the retention of long-lived acoustic phonons 
produced by the near-forward SBS over a period up to 170 ns has 
been suggested by Wirth et al. (1992). 
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To see whether SBS is really one of the causes, a 
reliable assessment of the viability of such low-frequency 
p h o n o n s i s
 ^ e r e f o r e essential. We will deal with this problem 
in Chapter 7. 
3.2,4 Bubbles Formation 
A droplet is formed by forcing the liquid through a small 
opening of a closed tank by a pressurized gas (several atms)• 
An initial supersaturation with the gas causes nanometer 
bubbles to form and grow after the droplet is released to the 
atmosphere (Huston et al. private communication) . It is 
expected that these ultra-microscopic gas bubbles, acting as 
Rayleigh scatters, will coalesce to form larger ones, possibly 
by the act ion of the electrostrictively generated acoustic 
waves mentioned above. The cross-sect ion of a Rayleigh scatter 
is proportional to (radius) , so the coalescence into a larger 
bubble is expected to produce a more serious effect. A control 
experiment of blending polystyrene spheres of diameter 87 nm 
into a liquid droplet of 20 /im diameter does verify the Q 
degradation (Lin et al. 1992). 
Despite this superficial evidence, it is still suspicious 
about the adequacy or fitness of the concentration of bubbles 
and their sizes which evolve dynamically. Besides the 
dissolved gas will form bubbles, it is noteworthy that acoustic 
cavitation may also lead to such occurrence. The sites nearby 
to the two hot spots are capable of having a large amplitude of 
pressure fluctuation at some moments, even though the overall 
average pressure is not too great. Pressure goes to negative 
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as well as positive, and hence acoustic cavitation takes place. 
The Possibility of this mechanism is assessed in Chapter 8. 
3.3 Envelope F l u c t u a t i o n 
Before launching any detailed analysis, it is advantageous 
to clarify whether the scattered signals (Figure 3.1.1b and c) 
do have a major component of oscillation ~25 to -30 MHz. The 
signals may be masked by noise and therefore the autocor-
relation function, which enables us to extract the shape of a 
periodic signal from the random noise, is used. It is defined 
as 
C(T) = <I(t)I(t + r)> (3.3.1) 
where I is the amplitude of the scattered pulse in units of the 
incident o n e , and <•••> stands for an average over the time t. 
The autocorrelation should recover the period of the signal if 
a significant periodic component is present. Figure 3.3.1 
shows the two autocorrelations of the two scattered spectra and 
no obvious periodicity is seen. It appears that the time 
variation of the scattered intensity is better described as a 
fluctuating signal. 
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^ t o c o r r e l a t i o n functions corresponding to .the two scattered spectra in 
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Chapter A 










Regardless of the uncertainty of the whole scenario, the 
sequence of events can still be outlined roughly: a strong 
-field interacts with the liquid medium through el^ctrostriction 
and hence something is caused; this something eventually per-
turbs the MDR and results in a reduction in height and broa-
dening of its lineshape. Irrespective of which mechanism, the 
necessary ingredients to an analysis of the nonlinear Mie 
scattering include (a) the action of electrostriction on the 
liquid, and (b) how disturbances lead to a change of the 
lineshape. In this chapter, we briefly discuss about these two 
theories. 
4.1 Electrostriction 
Today, the accepted complete formal ism of the force 
density due to an electric field on a neutral dielectric medium 
is 
2 2 
E dc B 6 
f = - — ve + v ( p — — ) + (£ - e^) — ( E x B ) (4.1.1) 
2 dp 2 ° at 
where e, e are the permittivities of the medium and free space 
respectively; p is the density of the medium. We have assumed 
the medium is non-magnetic, isotropic, non-absorbing, non-
dispersive and has no free charge. 
In fact, the formal expression of the electromagnetic 
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force on a dielectric has been an issue of historical dispute 
(Minkowski, 1908, 1910; Abraham, 1909, 1910; Einstein and Laub, 
1908; Pauli, 1922, 1958; Moller, 1972; Laudau and Lifshitz, 
i960; Penfield and Haus, 1967; Robinson, 1975; Brevik, 1979). 
One's favorite may be merely grounded on his own viewpoint or 
some phenomenological considerations. Divergence in 
i n t e r p r e
l l
t i o n s o f t h e
 results of some relevant experiment is 
common; one example is the momentum of light in dielectric 
medium (Jones and Richards, 1954; Jones and Leslie, 1978; 
Gordon, 1973; Peierls, 1976, 1977, 1991; Lai, Ng and Young, 
1984). 
Recently, a profound progress has been achieved by a 
microscopic derivation of the electrostriction, to make ideas 
clear from first principles (Peierls, 1977, 1991； Lai, Suen and 
Young, 1981, 1982). 
2 — 
The term 一（E /2)V£ is sometimes called the 'Minkowski 
force' (Minkowski, 1908, 1910) and absolutely indisputable. It 
can be simply derived by the method of a virtual displacement 
of a dielectric slab partly immersed in a condenser (e.g. 
Feynman, 1964)* This force can already explain many phenomena 




The term 7(p — — ) , first claimed by Helmholtz (1882), is 
dp 2 
the true electrostriction, although nowadays the same name is 
also applied to the total sum, f. Macroscopical ly, for a 
static or quasi-static field, it can be derived thermodynam-
ically by the method of an isothermal virtual increment of the 
free energy (e.g. Laudau and Lifshitz, I960). It exists at 
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boundaries and also where the electric field is inhomogeneous
r 
but does not make any contributions to the global force if the 
exterior is vacuum or field-free. This properties is readily 
seen by converting the volume integral of this force to a 
surface integral. H o w e v e r , this force can be detected via 
local effects, e.g., a variation in the index of refraction 
caused by an inhomogeneous static field (Hakim and Higham, 
« 
1962). Electrostriction depends on the dielectric equation of 
state. For liquids, we take the Clausius-Mosotti equation, 
from which 
ae “ - £o)2 
p — 二 £ 一
 £
 + (4.1.2a) 

















where y is called the,electrostrictive coupling constant. 
c 
When n = 1.33, = 0.966. 
a -> — 
The last term (e - e ) — ( E x B) is the 'Abraham force
1 
0 at 
(Abraham, 1909, 1910). It is irrelevant to a steady field or 
the overall impulse with which we are concerned. This fast-
varying force has been verified by measuring it directly at low 
frequencies (Walker, Lahoz and Walker, 1975; Walker and Walker, 
1979, Lahoz and Granham, 1979). 
Eq.(4.1.1) is proved to be applicable to dynamic situation 




 << Tj, where T
c
 = period of molecular 
collision, T
p
 = period of field oscillation and Tj = typical 




e scales any quadratic term in the expression has 
to be averaged o v e r 、 • The optical oscillating period of 
visible light T
p
 . 1 ( T
1 5
 s; for most liquids, T . 1 0 "
1 2
 s and 
o 
in the NRL experiment (Huston et al.t 1990) Tj � 10一
1 0
 s, hence 
(4.1.1) is applicable. 
4.2 Perturbation of the Linewidth 
The electrostrictive force on a liquid dielectric leads to 
an internal flow, which in turn causes a change in density and 
consequently this results in an optical perturbation in the 
index of refraction (4.1.2). In this way, the droplet becomes 
inhomogeneous and both the location and the linewidth of a 
resonance would be perturbed (Lai et al., 1990, 1991； Barber 
and Hill, 1990). The perturbation theory on the resonant 
frequency is different from the traditional ones because the 
system now we are dealing with is open: the energy leaks to 
infinity. Technically speaking, the system is not Hermitian. 
What concerns us here is the change of the linewidth, so 
we only discuss the theory of it below. The original work by 
Lai et al. (1991) only considered the case of scalar waves. It 
is proved in this thesis that the result is the same for 
electromagnetic TE m o d e s . 
4.2.1 Theory 
Suppose the dielectric constant is perturbed by a change 
in density (Chapter 5 deals with one such case in details) and 




 r > a 、 
^ n
2
 + p F ( r , 0) r £ a (4.2.1) 
where fJ, a small d i m e n s i o n l e s s p a r a m e t e r , indicates the ampli-
t u d e o f t h e
 P e r t u r b a t i o n and F 〜 1 . The change in the index of 
refraction also includes those of abrupt transitions from one 
medium to a n o t h e r , e . g . a cavity of a foreign liquid (gas) is 
formed inside the droplet； a surface distortion can also be 
regarded as a change in n since in a protruded (hollow) part it 
changes from 1 to n (n to 1). 
The effect of the perturbation on the Q-factor of a 
droplet is summarized as follows. We write 
1 1 2 
-=—+ + /i C0 + (4.2.2) 
Q Q
 1 Z 
where Q。 is the original Q; the coefficients C^ and C】 d e p e n d 
on F in (4.2.1), I . e . = C{ [F] and C 2 = C 2 [ F ] . Q q is very 
o 
large (10 ) in the n o n l i n e a r Mie scattering experiment (Huston 
et al. , 1990) and hence terms of 1/Q can be dropped legiti-
mately. For TE modes and within 0(1/Q ) , it can be proved that 
(4.2.3a) 
C{ ^ 0 







 — 之 0 (4.2.3b) 
2
 “^-^！ A w v(x。） 
where 
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 is the u n p e r t u r b e d real size parameter of the resonant 
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E q . ( 4 . 2 . 3 ) holds for an originally spherical droplet and 
any p e r t u r b a t i o n F . In order words, the Q-factor can only be 
d e g r a d e d , but not e n h a n c e d , for any sign of ju. In some 
c i r c u m s t a n c e s , the integral in (4.2.4) can evaluated by using 
C l e b s c h - G o r d o n coefficients (Rose, 1957). 
The w h o l e formalism of the theory is given in Appendix B. 
4.2.2 R e m a r k s 
C o n c e r n i n g the perturbation theory several points are 
remarked h e r e : 
(1) According to (4.2.2), we may write 
Q � Q
0







if the p e r t u r b a t i o n is small and Cj = 0. It is clear that the 
degree of degradation depends on (i) the square of the 




fractional change in Q is larger for a higher Q
q
 when /i C2 is 
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approximately the same ana (xxi) the term C
2
, which essentially 
reflects the effectiveness of the coupling of the resonant mode 
to other nonresonant modes via the perturbation. The magnitude 
of C
2
 depends on the integrands of the D^J丨 in (4.2.3b) and the 
factor jW尤，（x。）|"*
2
. The latter, especially, would be crucial 
in determining which of the nonresonant mode ( V ) is more 
important in the couplings. There should be no V having a 
resonance at or very close to X
q
; otherwise the degenerate 
perturbation theory should be used instead (Lai et al. , 1991). 
In spite of this, some broad resonances would possibly situate 
at its two sides. Separated by a distance of, say, two or 
three 1inewidths of the broad resonance, the value of its 
|W„,(x
Q
)I would therefore be comparatively larger and so the 
term multiplied by it would contribute more in the series. A 
physical interpretation on the reciprocal of the square of this 
Wronskian-1ike term is that it can be related to the local 
density of states at the rim of the droplet (Lai et al., 1991). 
(2) The results of the perturbation theory have been 
compared with the layered T一matrix method (Barber and Hill, 
1990) for the case of an increase in the refractive index in an 
off-centre spherical region inside the droplet (Mazumder, Hill 
and Barber, 1992). It is found that they agree within 〜20 % 
for a perturbation that leads to a decrease in Q by 5 % or 
less. The limited accuracy of the perturbation theory is 
ascribed to C. not being zero. When Q
q
 is not large enough, C
{ 
does have a contribution in (4.2.2). 
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(3) The f o r m a H s m
 l s
 q
p l l c a b l e
 to shape distortion as 
explained a b o v e , then F(r,e) takes the form (n
2
-l)6(r - a)h(e), 






e p e n d e n t
 b u l g i n g . At that time, the 









o J — (4.2.6) 
without dropping terms of 0 ( 1 / Q
q
) . The shift z{ is • 
p r o p o r t i o n a l to z
Q f
 and therefore to first order in fj, 1/Q = 
I m ( z。 + fJZ1)/[2Re(zQ + fjz^] = I m ( z o ) / [2Re ( Z q ) ] = 1/Q。. i n 
this c a s e , Cj = 0 exactly without dropping terms of 0 ( 1 / Q
Q
) 
(Lai et al., 1991). A calculation using this method on a 
partic u l a r shape perturbation has been checked against the 
w e l l - a c c e p t e d numerical T一matrix approach (Barber and Hill, 
1990) and very small discrepancy is found (Lai et al. , 1991); 
this d i r e c t l y supports the theory in this respect. 
In C h a p t e r 6, we will calculate the second-order pertur-
bation due to a time-varying surf ace bulging caused by the 
irradiation of an intense laser pulse* 
(4) The computations involved in the theory described here 
is not too difficult even for a very complicated perturbation, 
which is generated b y , e . g . a realistic illumination by an 
intense light. The T-matrix method could do this as well, but 
the computations becomes very complicated (Mazumder, Hill and 
Barber, 1992) . This makes the development of the perturbation 
theory so noteworthy and n e c e s s a r y . 
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( 5 ) 0 i f t h e p e r t u r b s t i
- ^ 】t
s e l f
 is complex although 
Q
0
 is h i g h . Such a Perturbation could happen, e.g. the effect 
of a b s o r p t i o n on a transparent microdroplet. A real n is 
p e r t u r b e d to become slightly complex, say, n
 +
 iAn, then 冲= 
2 i n A n a n d i s
 P
u r e l
y imaginary if terms of 0(1/Q
q
) are 
d i s c a r d e d . In this case, D ^ ( x
o
) is easily to be Ivaluated 
with the aid of (2.2.10) and finally the same result as 
(2.2.12) is o b t a i n e d . , 
(6) The time-independent perturbation theory discussed 
above is appropriate for our analysis of the Q-spoiling 
experiment because only the real part of the index of 
refraction is p e r t u r b e d , the MDR involved is a TE mode Q = 4 
1 1 8 0 
x 10 (10 if absorption is included) and the degraded Q « 
10 • It is believed that any errors arising from terms of 
O ( l / Q o ) should not cause too much deviation and hence any 
conclusion drawn in this way is essentially correct. A right 
mechani sm must bring forth a right magnitude of u C ^ . so to us 
the second order perturbation theory is an indispensable tool. 
63 
Electrostrjctively Generated Acoustir Vihratinn. 
This chapter investigates the details of the initiation of 
acoustic disturbances inside a droplet being struck by a pulse, 
and more importantly, finds out whether such an effect can 
^
f f o r d a
 tenable account for the Q-spoiLing experiment. 
« 
5.1 Estimate of Density Change 
The magnitude of the change in density due to electro-
striction by an EM pulse can be easily estimated, without 
solving any differential equations. 




卜 • E = •： [〜 — (5.1.1) 
Z JL C O 8L 
where c is the speed of light, a is the radius and y 〜1 by 
6 
(4.1.2c). It leads to an acceleration of 
I 





 is the density. Hence, the velocity developed after 
the passage of the pulse of duration T is 
v 〜 I j- (5. 1 .3) 
cap 
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T h e k i n e t i C e n e r g y
 如 v
e l o p e d
 during the passage of the short 




n t h e
 element, causing a density change 
8p: 




3 £P 2 
o a (5.1.5) 
where v
a
 is the acoustic speed and p v is the bulk modulus. 
Equating (5.1.4) and (5.1.5), we obtain 
5p 〜 I T 
^
 c a v
a
 ( 5 , K 6 ) 
To simulate the cumulative effect of a train of pulses, we 
assume three times the energy of a single pulse (Huston et al., 
1990) . When data (I = 6 GW cm""
2
, T = 0.1 ns, a = 10 "m, v = 
严 a 
3 - 1 3 - 3 
10 m s and p
Q
 = 10 kg m ) are inserted into (5.1.6), it is 
found that 
dp 一 6 
— ^ 10 (5.1.7) 
p
o 
equivalent to an excess pressure of 0.01 atm. The surface 
force, here n e g l e c t e d , contributes a similar amount. It is 
reasonably to expect the average of the actual 5p/p
Q
 would not 
differ too much from this figure, Thus any results attained 
after lengthy computations can be checked against it, 
5.2 Pressure Disturbances 
The typical time scale in the NRL experiment is several ns 
(although the pulse width is 0.1 n s , we do not intend to 
examine the fluid motion during such a,short time interval). 
Such a time scale permits us to regard the fluid as a 
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continuous medium and <?n th^ 一 , s o x n e
 Problem can be described by the 
usual linearized Navier-Stokes equation. 
In fact, there are two types of acoustic excitations. One 
is surface oscillations which are low-frequency characterized 
by (C.6) or (6.1.4b). These surface modes do not establish 
pressure disturbances inside the droplet; they are discussed in 
Appendix G and Subsection 6.1.1. On the other hand, the 
acoustic modes of interior pressure oscillate at higher 
frequencies and do not set any noticeable surface oscillations. 
The situation can be understood by treating the volume and the 
surface in some sense as two coupled harmonic oscillators. At 
each normal mode of oscillation, one will oscillate at much 
larger amplitude than the other. 
The boundary condition of the bulk pressure disturbances 
in the absence of electrostriction is formulated in Appendix C 
and it is found that there is a node on the surface: 
P(r = a, 0, 4>, t) = 0 (5.2.1) 
Thereupon, we designate the pressure modes by the labels L and 
N, specifying the number of antinodes of the standing wave in 
the angular direction and the radial direction respectively. 
If the axial symmetry is not assumed, the pressure is 
characterized by a third label, the azimuthal number M . The 
complete expression for the pressure disturbances (Appendix C) 
after the passage of a pulse is 
P(
?









 are the coefficients determined by e 1 ectrostriction 
which is Present prior to t = 0, q
L N
 is the N
t h
 root of the 
equation j
L
(qa) = 0 (because of (5.2.1)) and Q is the 
LN 









 is the damping due to viscosity ju: 
= ^ (5.2.3b) 
3 p ~ 
严o 
The 
sine function in (5.2.2) is in accord with the initial 
condi t ion 
P(r, t = 0) = 0 (5.2.4) 
The above solution is obtained under the impulse approximation. 
5.3 Electrostrictivelv Coupled Coefficients 
During the passage of an intense pulse, there is an 
electrostrictive force acting both inside the droplet (a body 
force due to the spatial variation of intensity) and on the 
surface (a surface force due to an abrupt change in the 
refractive index). These forces cause pressure disturbances 
and the effect is fully characterized by the coefficients A
ln
. 
To evaluate A , we have to first write down the exact 
LN 
hydrodynamic equation at the moment the fluid is illuminated, 
that is, to add the term from electrostriction to the RHS of 
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? ) 6(r - a)] } ( 5 . 3 . 1 )‘ . 
where 7
e
 is the e l e c t r o s t r i c t i o n coefficient, I(t) is the 
i n t e n s i t y , F ^ r ) and F
2
( r ) are t w。 d i m e n s i。 n l
e s s
 functions 





 Y ^ y “ (5.3.1a) 
and 
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 B2n(r9t) } j L j (5.3.1b) 
where E
t
 and are the tangential and normal components of E 
inside the d r o p l e t . The term of W in (5.3.1) corresponds 
to the v o l u m e (surface) force. The appearance of F^ is a 
consequence of considering the continuity of field quantities 
at the interface (Lai et al. 9 1989). We integrate the 
inhomogeneous equation of mot ion with respect to time over the 
entire pulse and the force is assumed to be impulsive. We will 
later justify this a s s u m p t i o n , under which the pressure remains 
zero, but it acquires a finite rate of change at t = 0 (just 
after the impact): 
2 
v u 、 
— t = 0) = - — — (....> (5.3.2) 
at 2c ^ 】 
where U = / dt I(t> is the incident energy per unit area 
(called the fluence of the pulse) and {•••} denotes the terms 
inside the parenthesis of (5.3.1) . P has already been expanded 












。 ⑷ ( 5 . 3 . 3 ) 
where axial symmetry (M = 0) is assumed. 
By multiplying both sides of (5.3.3) by j .(q r)Y (e), 
L LN Li • 0 
integrating over volume and using the usual orthogonality 
relations of J
l
 and Y ^ , the technique of integration by parts 
and the boundary condition (5.2.4), we finally obtain A 
L N ' 
which is dimensionless and more intuitive since it can be 
interpreted as the fractional density fluctuation 6p/p caused 
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 originates from the body force ( F ^ , whereas I
g
 originates 
from the surface force (F
2
) together with the surface term in 
the integration by parts of the volume integral. 
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5.4 Validity of Impulse Approarh 
We see from the above equations that the result is 
proportional to E
2
, which can be decomposed into E ( N R )
2
 + 
2.E(NR).E(R) + E ( R )
2
, where E(NR) and E(R) are the nonresonant 
and resonant fields respectively (ca。is resonant to the mode of 
angular momentum t but not to other modes of angular momentum 
‘尤•）• For the nonresonant optical modes, the force exists for a 
time which is the same as the incident pulse duration, i.e. 0.1 
ns; but the acoustic modes that survive after several 
interpulse separations [say 30 ns, or even 100 - 200 ns if the 
experiment of W i r t h et al. (1992) is considered] must oscillate 
at time scales > 1 n s . Acoustic modes of too high frequencies 
do not participate the cumulative effect (damping oc q ) and so 
could not be the dominant ones. 
2 
The acoustic modes coming from the force of E(NR) do 
satisfy the condition 
duration of force << time scale of oscillation 
Thus, it is well-justified to use the impulse approximation to 
evaluate the acoustic response in this part. 
However, the case is totally different for the resonant 
mode, since energy would be stored in this mode for a much 
g 
longer time, I.e. R"
1
 〜 2 8 ns (before degradation, Q
Q
= 10 )• 
u) 
The force thus caused cannot be regarded as impulsive, and so 
we need to modify the theory derived hitherto. Actually, an 
impulse calculation to a slowly varying force would only over-
estimate the result. Section 5.7 will deal with the nonimpulse 
theory. 
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5.5 An Expedient Morj^i 
In the actual experiment, the droplet is irradiated by a 
train of intense pump pulses. Each pulse is believed to have a 
certain effect on the droplet and an accumulation of such 
effects finally spoils the Q-factor. The situation is rather 
complicated and so properly we first consider a simple case 
which is more easily analyzed but still contains the main 
original underlying features. The model employed in.the 
analysis in this section is simple, but it is helpful. 
N e v e r t h e l e s s , in Section 5.6 we will abandon it and solve the 
time-varying 1/Q exactly for the repetitive actions of a train 
of p u l s e s . Our simplified model assumes the following. 
(1) A single pump pulse with an intensity three times the 
strongest of the actual, i.e. 
I = 3 x 2 GW c m "
2
 (5.5.1) 
initiates oscillations inside the droplet. After that, a weak 
pulse is shined on it for the purpose of probing. Three times 
the energy is proposed for a reasonable simulation of the 
cumulative effect (Huston et al., 1990). 
(2) Each acoustic mode decays at its own rate and those of high 
frequencies die off rapidly. Since we are looking at effects 
that survive several interpulse periods, only acoustic modes of 
damping time longer than 30 ns could contribute. Therefore we 
impose a sharp cut-off. In other words, the damping factor 
e "
y t
 is now replaced by a step function, 
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LN 
(3) The incident pulse is very short. If the time required for 
the building up of the pressure fluctuations is comparatively 
long, then the impulse approximation holds as well. Another 
aspect of this claim is that the Q-factor can be taken to be 
frozen in the full course of the illumination of the droplet by 
a p u l s e . If it is not the case, we need to solve the mixed 
actions of the internal energy distribution and the degradation 
df Q d y n a m i c a l l y . 
(4) The liquid is highly transparent. The very minute absorp-
o 
tion of the droplet limits its Q to 10 • Except for this, we 
deal with other aspects of the problem by using a real n. 
(5) All the effects vary with time. To investigate the main 
features only, we calculate the values suitably averaged over 
t ime. 
To u s , this simplified model is expedient. However, if an 
experiment is practically carried out as described in (1), its 
72 
analysis and interpretation would hopefully be cleaner. 
The results are presented in two ways: one in the frac-
ticmal change in d e n s i t y , 8P/Pq； the other is the consequent 
p e r t u r b a t i v e change in 1/Q. 
5.5.1 Fractional Change in Density 
The density fluctuation is given by 























 is evaluated by (5.3.4) , in which the 
integrals can be computed directly or by means of the Clebsch-
Gordon coefficients； both should give consistent results and 
thus computational programs are checked. The order of 
~ _4 一 5 
m a g n i t u d e of A ranges from about 10 to 10 . 
Figure 5.5.1 shows log | A J versus a
M




and 3 0 . The solid line is drawn to guide the eye. The 
leftmost point on each curve is N = 1. 
To see the overall effect, we evaluate the root-mean-
square value by squaring both sides of (5.5.4) and averaging 
terms over time for many cycles. The interference terms vanish 
2 
thereby. We further average such (6p/p
Q
) spatially over the 
whole d r o p l e t , to obtain 
<A2> = I (5-5_s) 
O L.N 
where < > denotes the averages mentioned above, and the weight 
W is 、 
LN 
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In this w a y , we find 
( — ) = < ( — ) 2 > 1 / 2 = 2 x 1 0 一 5 ( 5 . 5 . 7 ) 
p rms p . 乂 
In an earlier discussion (Section 5.4), we highlight that 
the impulse approach is justified only for the nonresonant 
field, so the numerical calculation done here ought to due to 
it only. In spite of this, we still evaluate the partial 
2 
contribution from the three parts, namely E(NR) , E(NR)E(R) and 
2 
E(R) by using the present method. The result is listed in 
Table 5 . 5 . 1 . 
Type Partial Contributions to (6p/p ) 
E ( N R )
2
 2.0 x 10""
5 
E(NR)E(R) 1.6 X 10一
7 
E ( R )
2




It is Obvious that (5.5.7) is the same whether we talk 
about the contribution from the nonresonant modes only or about 
the total. In Section 5.7, the impulse approximation is not 
used and we then recalculate the part due to E ( R )
2
. But the 
result of the more accurate calculation is even smaller, 
because a slowly varying force causes milder disturbances, 
.therefore 6p/p
Q
 remains 〜2 x 10一
5
 finally. In other words, the 
nonresonant modes is unquestionably the most important. Such a 
agrees with the estimate in Section 5.1 and that given by 
Huston et al. (1990). 
- 0 






. in a manner 
LN LN LN 
similar to Fig. 5.5.1. 
Figure 5.5.3 shows a versus L, where we define 
Li 
a = y i A 2
 w
 (5.5.8) L � 2 LN LN 
N 
representing the whole contribution to the mean of square of 
6p/p from all N
1
s of a definite L, 
We see from these two graphs that a lot of acoustic modes 
contribute. Those of low frequencies (L = 0, 2, 4) have a 
slightly larger a , due to the geometry of the two hot spots 
where the intensity is high. 
To get a crude impression on the degree of coupling of the 
acoustic modes to the optical resonant mode = 164, we modify 
the above (Sp/pJ … b y multiplying (nkr)
2
 as a weight in 
O X DL B 
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curve is N = 1. The solid line is drawn to guide the eye. 
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 is found to be 5.7 x 1(T
6
’ 
which is smaller than the previous one because the function 
^ ' being very biased to the rim, does not overlap the j too 
Jt\ L 
« 
m u c h . 
5.5.2 0 Degradation 
The next task is to study the effect on the cavity's Q-
factor. The change in the permittivity is 
6e 1 de dp 一 ( n 、 「 
e^ e^  0 dp � ^ 0 0 � 0 
8p 
= y ~ (5.5.10) 
e p 厂o 
by (4.1.2). This is to be identified with the function /JF 
appearing in (4.2.1). 
In the expansion (4.2.2), C^ = 0, so we only need to 






 - ^ I I /i D ^ ! j
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 … (5. 5.11) 











 has t peri \ ] h it ion 




r / a )、⑷ (5.5.13) 
After being taken a time average of the squared quantity and in 
view of (5.5.12), we finally have 
Q
 =






 LN • 
where C ^ is C
2
 (4.2.3b) evaluated by using (5.5.13). We 
therefore note that as far as the effect on 1/Q is concerned, 
the contribution from each acoustic mode is weighted by C ^ 
(rather than W
Tk
, in (5.5.5)). 
LN 
Figure 5.5.4 shows the weights C
Tkl
 versus a = q a. The 
LN LN LN 
lines join the points of different N
1
s of the same L, with L 
label led on each curve. The leftmost point of each curve is N 
= 1 . 
It is notable that the magnitude of C
T
„ varies tremen— 
LN 
dously among different L's. ( ~ 1 0 "
1 2
 for L = 1, but -10"
4
 for L 
= 2 0 ) . C
N
 is observed to be especially large around L = 20, 




 in (4.2.3b), the factor 
interpreted as the local density of state. It is found that 
the coupling to the broad or leaky mode TE(144, 7) of x q = 
137.588794 and FWHM r = 3.5 x 10 is most effective since our 
TE resonance (x
Q
 = 137.56243) is at the 'tail' of its 
Lorentzian. Nevertheless, they are still said to be far apart, 
in the sense that the absolute square of the separation of 
their complex poles (1(T
3
) is large in. comparison with the 
- 1 0 


































































































































































































































































Hence any term of ()( 1/()、 I H o — •； I I . , . x.. , , \ 
〜vmjci still justifiably be discarded; 
both the degenerate perturbation and the nondegenerate 
perturbation (Section 4.2) give the same result. A coupling of 
1 = 1 6 4 t o V = 1 4 4
 occurs only when L ^ 20 because of the 
selection rule \Z - L| r r “ + L, as implied by the Clebsch-
Gordon coefficients, which are used in computing Modes 
‘of neighboring I have little coupling to^ it because they are 
narrow too and so unimportant at all (L < 20). • 
Figure 5.5.5 shows log(y
 2
 CJ 2) versus a for L = 
E LN LN LN 
1, 10, 20 and 30. 











and Figure 5.5.6 shows its variation versus L. This graph 
stresses that acoustic modes of L 之 20 are more important, 
because the C „' s are exceedingly small for low L values. The 
LN 
point of L = 20 is relatively higher than the others. 
By summing these a ’s, we finally work out the second 
order perturbat ion change in 1/Q: 
1 1 -11 
- 一 — — = 7 . 5 x 10 (5.5.16) 
Q Q 
In terms of the partial contribution to A " arising from 
E ( N R )
2
, E(NR)-E(R) and E ( R )
2
 terms, we find their individual 
contribution to 1/Q - 1/Q
q
 and listed in Table 5.5.2. Again, 
the main contribution is due to the nonresonant modes. 
8 4 
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‘ • •Hill I 
Type Partial Contribution to 1/Q - l/Q ‘ 
； o 
� ) 2 7.5 x 1 0 - 1 1 
E(NR)-E(R) 2.0 x 10一
1 6 
E ( R )
2
 1.1 x 1 Q "
1 3 
Table 5.5.2 , 
These results obviously cannot account for the degradation 
observed in the experiment. The difference is great (proposed 
5 
degraded Q « 10 ) and the failure cannot be attributed to the 
simplification used in the model. Eq•(5.5.16) itself is not 
surprising since 1/Q 一 1/Q
q
 goes as the square of 6p/p which 
-5 
is about 10 . 
5.6 Exact Result 
Notwithstanding the above result, we still want to ensure 
our assert ion by abandoning the simplified model of Section 5.5 
and going back to the actual experimental situation, i.e. the 
impact by a train of pulses. We suppose the incident pulses 
have an energy profile as depicted in Figure 3.1.1a, with the 
-2 
highest intensity (the tenth pulse) 2 GW cm . During each 
short pulse, the pressure remains the same, but its time 
derivative has a step-function change due to the impulse, which 
is the same as the RHS of (5.3.2). Between pulses, acoustic 
modes oscillate and decay as described by (5.2.2). The 
acoustic modes are added up coherently、in the calculation of 
1/Q - 1/Q • The variation of 1/Q - 1/Q
0
 with time is found in 
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this w a y , and is plotted in Fieurp s A , 「
h m 1 u
 r 丄 o . b .[. 丄 jif max i mum 
degradation is 1/0 ~ I/O ^ o
 t n
-10 , . , . 
/ v
 ^
 3 x 1 0
 , which is four times 
larger than the root-mean-square value. Nonetheless, it is 






One would argue that if we finely tune the interpulse 
separation, then there may be one acoustic mode made to be 
resonate with the repetitive rate and thus a very, large 
amplitude is built u p . This is unlikely to be true because 
(1) many acoustic modes (L,N) are involved and none is 
exceptionally dominant, and 
(2) the twenty pulses can only at most reinforce the 
perturbation several times even if all the pulses can drive the 
acoustic fluctuations exactly in phase. The amplitude in a 
resonant system is large； this is true only in steady state 
(i.e. after a long time of driving) . However, in the early 
stage, the amplitude builds up and is only proportional to the 
cycles of driving even if they are all in phase. 
5.7 Nonimpulse Approach to Resonant Mode 
In the previous section, we have found that the resonant 
一 6 





 妨 1.1 X 10 • The technique employed there, 
strictly speaking, is not correct because an electrostrictive 
force will last as long as the radiation stays inside the 
droplet. Hence, its effect is not impulsive on such a time 
scale, say tens of ns• 
The error of misusing the impulse method to the resonant 


















































































































































































































































































































stationary harmonic oscillator being pushed by a constant 
external force f
Q
 which persists for a time 2r. The actual 












 is the natural frequency of the 
o s c i l l a t o r . But if we treat the force as impulsive, then the 













T would close to unity if (O
q
T << 1, ancT hence the 
impulse approximation is valid if r << o T
1
. However,' the ratio 
is less than unity anyway； in other words, the impulse approxi-
mation only overestimates the effect. 
If we substitute the parameters of the acoustic mode (L = 
20, N = 1) , which has a large C
r M
 in (5.5. 14) and 2z = r一
1
 ^ 28 
LN (0 
ns, the ratio thus found is 0.03. This number signifies that 
the impulse calculation has in fact exaggerated the result, by 
2 
about three orders of magnitude (0,03 ), in the second order 
perturbation of 1/Q. 
It is a well-known result: a sudden blow causes a larger 
response than a slowly varying force. 
5.7.1 Results 
2 
The explicit expression for E in a TE resonance mode has 
, -r t 
been derived (2.2.25), with the time-dependence e(t)e w • 
Hence we can solve the differential equation with a known 
driving term. The technique of solving the pressure is to 
separate it into two terms: one satisfies Laplace's equation, 
•
2
p = 0 and is subject to a boundary condition originating from 
the surface force, the other just resembles the pressure in the 
impulse approximation (5.2.2) and the boundary condition 
91 
(5.2.1). The complete formalism of the nonimpulse theory is 
given in Appendix D . 
As b e f o r e , we assume an incident intensity of 3 x 2 GW 
一 2 
cm • In the final result, pressure has terms which do not 
oscillate and only goes as the amplitude of the field (D. 10). 
Other than these them, which are summed until the occurrence of 
convergence, (5.5.2) is still the criterion of cutting off 
sinusoidal m o d e s . The results are 
(I) root-mean-square fluctuation in density: 
8p r 3
 r
 P ^ 1/2 
(
— ^ m s = I — 2 J
 d V
 ( ~ 2
}
 J
 w 5 x 1 0
 (5.7.1) 
^o 4?ra p V 
^o a 
(II) time-averaged second-order perturbation in 1/Q: 
1 1 -16 
一 - — 匆 1.0 x 10 上 (5.7.2) 
Q Q 
As expected, the nonimpulse calculation gives much smaller 
results than the RR component of the impulse approximation. 
The result basically agrees with what we estimate at the 
beginning of this section. 
The resonant field is found to be insignificant in the 
building up of the pressure and contributes almost nothing to 
the degradation of Q . The reasons are as follows. 
(1) The laser is broadband, but the MDR is narrow. 
Therefore only a very portion of the incident energy can be 
utilized by the resonant mode. 
(2) A slow-varying force can only* induce a feeble fluid 
response. 
92 
(3) The resonant mode consists of a standing wave with 、 
modes around the rim, so it would mainly excite acoustic mode" 
of L = 0 or L = 2 ^； but the latter is not favored in view of 
the fluid response. Unfortunately, acoustic mode of L = 0 
contributes nothing to the second-order perturbation in 1/Q { V 
�� in the summation appearing in the computation of C
2
) • 
5 . 8 Chapter Conclusion . 
As a conclusion of this chapter, we see that the electro-
strictively generated acoustic waves is inadequate by about 
five orders of magnitude to explain the degradation of Q 
observed in the experiment of Huston et al. (1990). 
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Chapter 6 
Iyow-Frequftncv S n r f
a c e
 Qscill^tinnc 
T h e a c t i o n o f a
 strong laser pulse will generate acoustic 
vibrations in the body of the droplet, and will also distort 
the surface. The observation of surface oscillations of a 
droplet under the illumination of a strong laser pulse has been 
reported (Zhang and Chang, 1988) and soon thereafter'a theoret-
ical account for small amplitude oscillations was put forth by 
Lai et al. (1989). Although these were accomplished earlier 
than the NRL experiment, no careful analysis of the effect of 
surface distortion on Q degradation has yet been attempted, and 
the surface effect has been overlooked entirely. 
The previous mis judgment on this matter was caused by the 
great disparity in their time scales (Lai et al., 1993): the 
observed effect of Q degradation occurs at ns time scale 
whereas the surface oscillates at tens of /is. This is of 
course the case, but the slowness in surface bulging
p
 in 
contrast to our preliminary consideration, may be an advantage 
in p r a c t i c e . Many clues indicate there is a fast piling up of 
the pulses' effects (free from cancellation) in the experiments 
(Huston et al. , 1990; Wirth et al. 9 1992). Undoubtedly, a 
surface b u l g i n g , having a slow damping and a long period, gains 
a preference in this respect. 
This chapter is devoted to a full analysis of the effect 
on the Q-factor by the surface oscillations. 
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6 • 1 Surface Bulging 
The dynamic behavior of the surface is primarily governed 















 is the density, a is the radius and y is the surface 
s 
tension. A larger droplet undergoes a lower frequency 
oscillation. For an ethanol droplet of radius a ~ 12 //m, t ~ 
s 
10 /JS . Oscillations at tens of ps has already been imaged by 
Zhang and Chang (1988) with the following parameter values: a 
water droplet of radius a 〜 5 0 "m illuminated by a single pulse 
一 2 
of 0.4 [js duration and intensity 〜0.8 GW cm . The shapes at 
different instants in the experiment (Zhang and Chang, 1988) 
can be successfully matched by computations (Lai et al.， 1989). 
The computed configurations are reproduced here (Figure 6.1.1) 
for reference. 
In Zhang et ai.
1
s experiment, the pulse itself lasts for 
0.4 ^s and no measurement has been made earlier than this time. 
The configuration next to that just after the impact of the 
laser pulse (0 jus) is the shape at 2 fjs: it shows an obvious 
protrusion around the Descartes ring. Information about the 
distortion at tens of ns is not directly available, but we can 
conjecture that the bulge then must be very tiny and limited 
locally near the Descartes ring. Since the energy distribution 
of a resonant mode is conspicuously high at the front pole (Fig 
2.1.9a), a bulge formed there or near the Descartes ring is 
potentially more likely to spoil the MDR. 
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°
s t
 important in determining the magnitude of Q 
d e g r a d a t i o n . An MDR is established by bouncing light off the 
s u r f a c e at an angle greater than the critical a n g l e . 
R e f l e c t i o n is not affected if the surface is simply displaced 
in a Parallel manner, and therefore it is believed that an MDR 
could not be perturbed so much by a smooth surface distortion. 
Q n l y a n a l t e r a t i o n in the direction of the surface would reduce 
the a n g l e of incidence and hence cause more coupling 'of light 
to the o u t s i d e . A localized or narrow bulge has this 
c o n s e q u e n c e , but spectrally, it involves surface modes of 
r e l a t i v e l y higher m o m e n t a , which die off rapidly. 
O b v i o u s l y , there are two competitions: the amplitude of 
b u l g i n g (long time) and the departure of curvature (short 
time)• The severest Q degradation occurs at the optimum of 
these two f a c t o r s . 
6.1.1 E q u a t i o n of Mot ion 
The time—evolving distortion of liquid spheres is well 
d e s c r i b e d by an equation of mot ion (6.L.3), which is derived 
already and can be found in many works in the literature (Lamb, 
1932； R e i d , 1960; Chandrasekhar
f
 1961; Lai et al., 1989). 
As in (C.1), the radius of the droplet takes the form r « 
a + h(8,t) with axial symmetry. We represent h in the fashion 
of L e g e n d r e polynomials: 






Surface oscillations treated here only* cause extremely small 
internal pressure disturbances (Section 5.2) and the fluid can 
97 
be assumed to be incompressible. Thereby, L ^ 0 in the above 
expansion. The assumption of incompressibi1ity will be • 
justified in Subsection 6.1.3. Assuming h « a, we can derive 
the equation of motion for h (Appendix E): 
li 






( t ) = 0 (6.1.3) 
where \ is the damping due to viscosity fj: 
2 n (2L+1) (L-1) 
\
 =









 o (6.1.4b) 
p 
严o 
Eq.(6.1.4b) is identical to (C.5), which is derived 
together with the bulk pressure waves. These two types of 
vibrations have been discussed in Section 5.2 and Appendix C. 
We solve h , as in Sect ion 5^3, by treating the electro-
L< 
strict ive force as impulsive* The initial conditions are 
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厂o 
where U is the energy per unit area (fluence) delivered by the 
pulse and F is the coefficients in the Legendre expansion: 
L 







W h 6 r e F
 u
 t h e S a m e
 function as (?) appeared in (5.3.1b) and 
represents the action of the surface surface. To understand 
how the electrostrictive force can be incorporated into our 
p r o b l e m , we first realize that the volume force (the second 
term in the RHS of (4.1.1)) is irrelevant because it only 
excites a c o u s t i c disturbances of higher frequencies (5.2.2). 
An a l t e r n a t i v e understanding on this matter is that an 
incompressible fluid always responds instantaneously,' so the 
volume force is balanced by VP at all times (both are the 
gradient of a scalar). An incompressible fluid does not have 
the modes d e r i v e d in Chapter 5 ( A , 0 when v
a
 —①） • As the 
volume force is 'absorbed* in the pressure, we need to consider 
the surface force only. We therefore modify the matching of 
the radial component of the viscous stress tensor, o^ (E.5a) 
at the b o u n d a r y and (6.1.3) becomes inhomogeneous eventually. 
As the m o d i f i e d (6.1.3) is integrated over the entire pulse, we 
obtain (6.1.5b). 
The equation is readily solved, and we find 

































t if。 L < HJ2 (6.1.8b) 
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W e S U m t l c s e r i e s
 up to L = 200, to guarantee the 
correctness at very early times. Actually the high-L modes 
decay relatively fast. For L = 2, 100 and 200, their 
oscillation periods are 17 卵,47 ns, 17 ns and their amplitude 
decay times are 17 /JS , 4 ns and 1 ns respectively. 
6.1.2 Results 





 same as NRL's) . Table 6.1.1 lists F from L = 0 to 
L 
L = 100. In fact the first two are useless because h and h.. 
o 1 
referring to a volume change and a pure translation respec-
tively, are both zero. 
Figure 6.1.2 shows the angular dependence of h/a at 
various instants (t = 5 ns, 20 n s , … 1 0 jus) . The responses 
obviously start nearly promptly at the places where the force 
is strong: the minute ripples at the exit pole and a smaller 
maximum at the middle of the entrance face at 5 ns. The 
development continues, and at 10 ns, the amplitude of the peak 
o 一 4 
at 0 = 0 is about 2 x 1 0 a. Its appearance, together with 
the rising surface at 6 « 17° (the Descartes ring), form two 
distinct humps (in 3-D view, one is ring-like) after 40 ns. 
They pull up the surface lying between and finally merge to 
form a single wide peak centered at 0° at about 0.4 /JS ； its 
half width subtends an angle of 〜26° at the center and has a 
height h/a w 4 x 10 • Afterwards, the front and back 
disturbances meet and set large scale oscillations jointly, in 
the same manner as in Fig 6.1.1. The maximum protrusion 
throughout the whole process is about 6 x 10 a at 0 = 0° at 
100 
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39 一0.1498 90 -0.8225 
40 0 .0358 91 -0.8621 
41 0 .6236 92 -0.5826 
42 1.3199 93 一0.6312 
43 1.2720 94 —0.3234 
44 1,9917 95 一0.3003 
45 1.8008 96 -0.0483 
46 1.9321 97 0.0067 
47 1.9736 98 0.2439 
48 1.5324 99 0.2417 
49 1 . 1 7 0 2 1 0 0 0.5616 
50 1.1960 . 
Table 6.1.1 











































































































































































































































































































































































































































































































































































































































































































































































































































































about 700 ns. 
Figure 6.1.3 shows h/a versus time at some locations (0 = 
0
o
, 10°, 16° and 180°). The distortion shown in Figure 6.1.1 
is more obvious (h/a « 0.1), because in that experiment the 
fluence is much higher (about 300 J cm""
2
) , and a larger and 
stiffer droplet is used (x = 500; surface tension of water = 3 
-x surface tension of alcohol). With these factors taken into 
account, our amplitudes can be scaled and found to be in 
agreement with them. 
As explained, the curvature of surface plays a key role in 
the Q - s p o i l i n g . We plot -a•丄h against time at 0 = 0°, 10° and 
o 2 
20 in Figure 6.1.4. 一 • 丄 h is the sum of reciprocals of the two 
principal radii of curvature (other than the original curved 
surface) at the specified position (C.2), and for each mode, 
� • � h
T










. The factor L
2
 makes the 
丄 L L L 
high L-modes of surf ace oscillation more important This is 
evidenced in the graph that at a time longer than 100 ns, the 
distortion is essentially flat although it is still growing. 
Next, we are interested in the shape of the droplet 
illuminated by repeated pulses. We take the pulse strengths as 
in the experimental situation shown in Figure 3.1.1a, with the 
strongest one (the tenth pulse) normalized to 0.2 J cm . The 
interpulse separation is 10 ns • The response of the surface is 
still assumed to be impulsive, with the following matching 
conditions of h at the moment of receiving a pulse: h remains 
unchanged but acquires an additional rate of change as 
(6.1.5b). In this way, results are obtained and shown in 




































































































































































































































































































































































































































































































































































































































































































































































































































































the early s t a g e , i.e. two humps within the region 20°. The 
a m p l i t u d e s rise monotonically just because the effects from 
different p u l s e s superpose constructively. The oscillations, 
we stress a g a i n , are slow, e.g. the mode L = 15 oscillates only 
o n e - q u a r t e r of a cycle during one damping time of its own, 
which is 200 ns or just the passage of all the pulses. 
The twenty pulses impart a total of about 2.6 J c m "
2
, i.e. 
thirteen times larger our former single p u l s e . We see from 
Figure 6 . 1.4d that the maximum value of h/a is about 2.5 x 
-3 
10 , w h i c h agrees well with Fig 6.1.3c - h since they are just 
about in this p r o p o r t i o n . 
6.1.3 J u s t i f i c a t i o n of Inco肺ressibi1itv 
In the above calculations, we have assumed the incompres-
sibi1ity of the medium. We would ask if there is any 
significant error introduced if we go back to the real case. 
The excess pressure beneath a curved surface is (1/R^ + 
I/R2), where is the surf ace tension, R^ and R〗
a r e
 the two 
principal radii of curvature. From Fig. 6.1.4, we can estimate 
that the p r e s s u r e due to distortion beneath the surface is 
_6 
about several millibars； this only causes a 5p/p
Q
 〜1 0 • The 
value falls to zero rapidly as it extends inwards, because the 
argument in the radial function j
L
(qr) is much smaller than 
unity (see Appendix C) • In addition, if the typical time is t, 
then ap/at w 8p/z and P
Q
V - V « p
Q
h / a r . In comparison of these 
two t e r m s , we are equivalent ly to compare 6p/p
Q
 and h / a . The 
former is smaller than the latter by two orders of magnitude 
(h/3 « 10一
4
), therefore the term dp/dt may be neglected in the 
109 
e q u a t i o n of c o n t i n u i t y . 
T h e c o m p r e s s i b i l i t y of the liquid could not make any 
s i g n i f i c a n t errors. 
6.2 0 D e g r a d a t i o n 
T h e evaluation of D ^ ! in (4.2.4), the matrix element 
d e s c r i b i n g the coupling of a resonant mode 1 to a nonresonant 
« 
m o d e V , is simple for a surface perturbation. The square of 
the r e f r a c t i v e index changes from unity to n
2
 in the protruded 
part and the reverse in the hollow part ； and in the interval r 
= a + h (h/a << 1) all functions are evaluated at r = a. We 
thus find that 





 " ^ J — 如 （6.2“）‘ 
In v i e w of the expansion (6.1.2) and the analytical form of the 
i n t e g r a t i o n (Rose, 1957) i 
r 本 (2L+1) (2r+1), 
fdQ Y n Y p . Y p m = — — — ~ — C ( L d , 0 0 0 ) C ( L d O m m ) 
J LO t m l m
 A
 4jr(2-e + 1) 
( 6 . 2 . 2 ) 
w h e r e the two C's are the Clebsch-Gordon coefficients. 
E q . ( 6 . 2 . 1 ) can written as 
n r r r 、 ⑴ 
D
U )
 = - x (n
2
 - 1) — ~ y C ( L n O O O ) C C U ' ^ . O m m ) 
L 
(6.2.3) 
The only thing left is to insert .(6.2.3) into (4.2.3b) to 
evaluate C
2
, which is the coefficient of the second-order 
110 
perturbation in 1/Q. It is worthwhile to recall that in the 
case of a shape perturbation, C
1
 is exactly zero, without any 
0 ( l / Q
o
) corrections [(Lai et al., 1991); also see the 
discussion at the end of Section 4.2]. 
6.2.1 Experimental Situation 
Figure 6.2.1a illustrates the partial contribution to 1/Q 
一 " Q
0
 f r o m v a r i o u
s L modes of surface oscillation by assuming 
\ /
a
 = 1. The modes with L < 20 give nearly null contribution, 
and there is a sudden rise at L = 20, and the contribution 
falls immediately for a larger L. Once more, as in Section 
5.5.2, L = 20 has a markedly heavier proportion due to the 
appearance of the maj or effective coupling of our resonant 
mode, namely to TE(144, 7). The coupling is forbidden to L < 
20 by virtue of a select ion rule. Our overall result, 
depending on many other factors， is not solely predominated by 
L = 20. One reason is the small F for L = 20. 
Li 
To see the actual relative importance of the L modes, we 
plot the contributions of each L mode to 1/Q - 1/Q〇 against L 
in Figure 6.2.1b. The perturbation in eacn mode is the 
amplitude of oscillation of this mode at t 二 0. The greatest 
一 7 
value displayed in the spectrum (L = 24) is about 4 x iU and 
about 10 modes can have values of this order. 
This figure embodies an important message that only modes 
of intermediate L contribute: it spans from 20 to 50 and mainly 
even. Small L and large L correspond to the late and early 
responses r e s p e c t i v e l y； they are minor and so the final effect 
should also be trivial at these times. The period of 
1 1 1 
80 -j 
n 
b k - \ 
4 0 
IL—一 
0 2 0 4 0 6 0 8 0 1 0 0 
L 
Fig. 6.2.1a 
Q一 1 一 Q-1 for TE(164, 3) versus the mode number of surface oscillation x
 o 
(L) per unit h /a in the perturbation. The sudden rise in L = 20 is 
L 
attributed to the effective coupling to TE(144, 7). 
112 
A O 
0 2 0 4 0 6 0 8 0 1 0 0 
I I | L丨 I 
Fig. 6,2.1b 
Q-1 一 Q一 1 for TE(164, 3) versus the mode number of surface oscillation 
(L) per unit initial amplitude of \\Ja in the perturbation. Nonzero 
effects mainly come from L = 20 to L = 50; this signifies the time 
scale of rising and falling of the curve in Fig. 6.2.2, 
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oscillation and the amplitude decaying time for L = 20 are 514 
ns and 115 ns and those for L = 50 are 132 ns and 18 ns 
respectively. It is estimated that the effect would be the 
greatest at about the first half period of L = 50, i.e. 66 ns, 
because then all the contributing modes are still positive and 
have grown considerably. Moreover, the effect would not go 
beyond 120 ns too much because after that time all modes have 
already experienced at least one damping time. 
6.2.1.1 Single Pulse 
Figure 6.2.2 shows the time variation of the perturbation 
in 1/Q, caused by the illumination of a single pulse of fluence 
T -2 
0.2 J cm at t = 0. The heavy curve shows the result for m = 
0 (m is the azimuthal number of the MDR), while those for m = 5 
and m = 10 are also drawn for comparison. In reality, an 
incident plane wave of circular polarization contains m = 士1, 
which is almost the same as the result for m = 0. 
The curves rise to a maximum value at 68 ns, and then fall 
to a negligible value at and after 300 ns. A large m gives a 
smaller peak. The severest degradation occurs within the 
-7 
interval 50 - 90 ns and is about 2 x 10 for m = 0. The main 
time scale shown in the curves has already been explained 
above. Paying attention to the shape distortion at each time, 
we immediately discover that a droplet having a smooth and well 
extended bulge has a very small influence on its Q, but for a 
narrow bulge the effect is much more pronounced. Evidently, 
the degradation, as argued in Section 6.1, depends on the 

























































































































































































di s tort ion. 




3 S h 0 w s t h e
 comparison of the couplings to all 
other modes (heavy line) with the single coupling to TE(144, 
7). The two curves nearly coincide, so obviously the 
degradation is basically due to that one coupling. Energy 
dumps through the leaky mode TE(144, 7 )， a n d so all the 
properties appearing here can be associated with it. 
6.2.1.2 Pulse T r a i n 
We would like to see whether the observed degradation in 
the NRL experiment can be accounted for by the mechanism of 
surface b u l g i n g . The twenty pulses approximately enlarge the 
bulging caused by a single pulse of 0.2 J c m
- 2
 by thirteen 
times (the pulse train gives a total of about 2.6 J era""
2
) , so 
2 
13 times 1/Q - 1 / Q
q
. We hence estimate the 1/Q to be 13
2
 x 2 
x 10~
7
 or Q = 3 x 1 0
4
. 
A detailed calculation on the 1/Q - 1/Q in the actual 
o 
experimental situation is plotted in Figure 6.2.4. The dots 
indicate the Q seen by each pulse at the moment of its arrival. 
Upon the completion of the twenty pulses, the actual degraded 
Q , calculated from the coherent sum of all surface acoustic 
modes
 y
 for m = ±1 is 
Q = 4.7 x 1 0
4
 (6.2.4) 
After twelve pulses • the Q has already dropped to 10 • 
This result seems to be quite consistent with the experimental 
observation, in which the signals are scattered nonlinearly 
except for the leading several pulses. The nonlinear effect is 




























































































































































































































































































































































































































































































































































































































































ascribed to the degradation of the MDK to a value of Q « 5 x 
1 0
4
, which is about the same as the Q of the laser (Huston at 
a h , 1990; see Section 3.1). 
The curve of Q (log scale) against pulses in Figure 6.2.4 
drops rapidly at the beginning but the rate decreases as Q 
itself falls. The reasons are (1) the last several pulses have 
lower intensities and (2) even if all pulses were uniform, the 
behavior remains because then 
1 
Q
 〜 1 r r (6.2.5) 
n y + Q0 
where n is the number of previous pulses and y is the time-
averaged 1/Q - 1/Q
q
 from one pulse (〜1 x 10一
7
 if the fluence of 
—2 
each pulse is 0.2 J cm )• The rate of Q-spoiling decreases as 
n increases. 
Q is degraded but harder to be further degraded as more 
pulses pass. 
6.2.2 Hypothetical Bulging 
To corroborate our conceptions, we examine two cases, each 
with an artificial bulge at the exit pole (6 = 0°) . One is 
e “ 
h (1 - — ) for 0 ^ e ^ e
Q 
_ = f °
 eo 
a
 o elsewhere (6.2.6) 
Another is 
^ = h expT - ( 冬 )
2








W h e r e h
o
 a n d e
o
 a r e
 constants representing the height and width 






plotted, as function<5 nf a ；„ n- 广 ~ — 
i
l o n s o t e
0
* m figure 6.2.5. Their 
appearances are basicallv the “ 附 . . . i y
 same, there is a major peak 
centered at a small an^le tu^^t ^ ^ ^ ,
 u A 
a
"
S i e 0
 • 丄
h e
y contain the same feature 
as the realistic case d o e s . All these demonstrate that a 
narrow bulge is more apt to spoil the MDR rather than a wide 
one. 
We can have a brief qualitative understanding of the 
issue. Each of Figure 6.2.6a and Figure 6.2.6b shows that a 
ray of light striking an outward-curved surface suffers a 
slight alteration in its original reflected direction. 
Obviously a narrower bulge (Fig.6,2:6b) generally makes a 
larger deviation due to its steeper slope. An MDR can be 
visualized as light glancing off the surface and returning to 
the starting point in phase after undergoing a number of 
internal reflections. The originally perfect and symmetrical 
standing wave thus formed is ruined by introducing diffuse 
reflections, even a slight amount, somewhere on the surface. 
The multiplet m = 0 is affected the most because all photons 
have to pass the two p o l e s , where the largest distortion is 
s i tuated. 
However, if the bulge is too narrow (width << wavelength), 
the wave nature of light al lows it to be regarded as a small 
thread, which by nature could not make any significant 
perturbation. We define an angle 6
q
 such that the width of a 
bulge is 6 a = X/2, or 
C/ 
120 












 f o r
 XE(164, 3) versus angular width (0
Q
) for two hypothetical 
I bulges:°(a) h / a = h
Q




] . h is dimensionless and taken to be 10 . 
0 ' ° 1 2 1 
— — 
(a) 
z curved surface 
light ^ ^ 
(b) 
丨 curved surface 
I light \ 
Fig- 6.2.6 
！ chematic of a ray altering its direction of reflection when it hits 
nto a curved surface. The curved surface in (b) is narrower but has 
he same height as in (a). 
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n 
8 c = x ( 6 . 2 . 8 ) 
Having an angular width < 0
c
, a bulge does not significantly 
degrades an optical mode. This is verified in our hypothetical 
bulgings• 
In addition, we replace the single bulge at the pole by a 
belt-like protrusion situated somewhere to surround the z-axis 
symmetrically, the outcome is similar and conveys the same 
ideas. 
Putting all evidence together, we assert that only an 
intermediate width of a bulge (X/2 < width < 3X) can cause a 
considerable effect on the Q-factor. 
6.3 Further Investigations 
Up to n o w , the evaluations has only been related to the TE 
mode (164, 3), with which the, incident light is resonant in the 
NRL experiment. We would naturally ask whether this mechanism 
could similarly spoil the Q-factor of other TE modes. We carry 
out the calculations for a few neighboring modes, by supposing 
一 9 
a short pulse of fluence 1 J cm" illuminating a microdroplet. 
The nonresonant field sets up surface oscillations and hence 
the resonant mode is perturbed. The scenario is exactly the 
same as b e f o r e . In addition, our results can be scaled by the 
square of the fluence. Energies of multiple pulses can be 
summed and be assumed to be totally released in a single pulse 
if the pulse separation is short (tens of ns)• 
Table 6.3.1 shows the degradation for m = 0 of some TE 
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 4 . 8 x 1 0 2.9 x 10 ' 16 ns 
( 1 5 0
，
2 ) 1 2 2
. i 9.5 , 1 0
1 2
 1.5 , 10"
6
 58 ns 
( 1 5 0
’
3 ) 1 2 6
. 8 1.8
 x l 0
1 0
 5.2 , 10'
7
 52 ns 





1 . 8 1.2 x 10
8
 1.5 , 10~
6
 96 ns 
( 1 5
°'
5 ) i 3 5
. l 2.2 x 10
6
 1.5 x 10~
6





) ^ 6 . 9 2.3 x 10
 1 8
 2.3 x 10"
7
 28 ns 
(164,2) 132.7 3.2 x 1 0
1 4
 5.1 x 10-
7





) 137.6 4.3 x 1 0
1 1
 5.0 x 10~
6





) 141.9 2.2 x 10
9
 2.5 x 10-
6
 74 ns 
(164,5) 146.0 2.8 x 10
7
 3.0 x 10—
6
 78 ns 
(200.1) 153.7 5.5 x 1 0
2 2
 1.9 x 10~
7
 22 ns 
(200.2) 159.9 3.2 x 1 0
1 8
 3.6 x 10~
7
 28 ns 
(200.3) 165. 1 2 . 1 x 1 0
1 5
 3.9 x 10~
7
 40 ns 
(200.4) 169.7 5 . 1 x 1 0
1 2
 4.8 x 10 —
7
 48 ns 
(200.5) 174.0 3.3 x 1 0
1 0
 7.3 x 10~
7
 84 ns 
(160,3) 134.5 I . 7 x 1 0
1 1
 2.6 x 10~
7
 6 I ns 
(161,3) 135.3 2.2 x 1 0
1 1
 2.5 x 10—
7
 63 ns 
(162,3) 136.0 2.7 x 1 0
1 1
 3.6 x I0"
7
 72 ns 
(163,3) 136.8 3.4 x 1 0
1 1
 1.7 x 10—
5
 72 ns 
(165,3) 138.3 5.4 x 1 0
1 1
 1.1 x 10"
6
 60 ns 
(166,3) 139.1 6 . 8 x 1 0 " 6.8 x 10一
7
 58 ns 
1 1 -7 
(167,3) 139.9 8.6 乂 10 4.6 乂 10 48 ns 
(1 68,3) 140.6 1 • 1 x 1 0
1 2
 3.9 x 10-
7
 42 ns 
Table 6.3.1 
Degradation of Q for ra = 0 of some TE modes. The fifth column refers 
to the time at which the maximum degradation (Q
_ 1
 - Q :
1
) occurs. The 
, T -2 
input energy is 1 J cm 
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— — — — ^ ― — l l 临嶒II iM I 1  
the time at which it occurs (fourth column). 
Figure 6.3.1 shows the time dependence of 1/Q - 1/Q〇
 0
f 
the order number n = 1 , 2, 3, 4 and 5 of the mode number Z = 
150. Similar plots for Z = 164 and I = 200 are shown in Figure 
6.3.2 and Figure 6.3.3 respectively. Besides, Figure 6.3.4 
shows the cases for I = 161, 162, 163, 164 and 165 at the fixed 
order number n = 3. • 
Perhaps individual mode has its own complexity, the 
following features are evidenced in general. 
(1) Even for modes of adjacent I or n , the degradations 
may be different. Definitely this is due to the disparity in 
the effectiveness of the coupling of a mode to its near 
nonresonances. It should be noted that if any two coupling 
modes are too near, they are regarded as degenerate and then 
the degenerate perturbation theory should be adopted (Lai et 
al., 1991). 
(2) To the same t, the leading modes (n = 1, 2) have a 
relatively smaller Q/Q0, so their degradations are severe. (The 
0
 1
s listed in Table 6.3.1 are the nonabsorptive values； in x
o 
Q 
reality, Q q 绍 10 because of absorption.) 
(3) With reference to the degraded Q,s themselves only, Q 
is relatively the lowest at 仉 = 3 or 4 in the first five orders 
of resonances of a fixed Z. 
(4) Whatever the TE mode of intermediate I (〜150) , the 




 at about 30 - 100 ns after the 
illumination of a pulse of 1 J c m "
2
. The effect diminishes and 
finally becomes negligible after 200 - 500 ns, although the 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































(5) For a larger x (radius), che duration of the severest 
d e g r a d a t i o n is longer because of a milder damping cc a " 2 ) . , 
(6) Among the modes chosen for our sample calculations, 
T E ( 1 6 3 , 3) has the lowest degraded Q , which is 6 x 10
4
; while 
its n e i g h b o r T E ( 1 6 2 , 3) has a milder degradation: Q = 3 x 1 0
6
. 
The former has such a large perturbation since it couples to 
T E ( 1 4 3 , 7) s t r o n g l y . The Q's of these two modes after 
d e g r a d a t i o n differ by a factor of 50 and so would lead to 
« 
different experimental observations. If the NRL type 
experiment could be repeated by resonating with other TE modes 
(e.g. the two modes just mentioned) , the correctness of this 
m e c h a n i s m could be tested experimentally. 
6.4 C h a p t e r C o n c l u s i o n 
The m a i n results found in this chapter include: 
(1) At the early stage of surface oscillations, there are 
only small bulges at the two poles. 
(2) Q is affected by a narrow bulge (X/2 < width < 3X) • A 
broad bulge does not render a significant change in curvature, 
while diffraction enables a too narrow bulge not to spoil the 
c a v i t y . The surface distortion within the time interval 
(30 n s , 150 ns) is more important in the Q degradation. 
(3) Figure 6.2,4 shows the Q degradation versus time under 
the illumination of the pulse train in the experiment (Huston 
et al., 1990). After the illumination of the first twelve 
p u l s e s , Q has dropped to about 10 , which is in good agreement 
with the experimental observations. 
(4) For other neighboring TE m o d e s , the effect is similar 
although the degree of Q degradation varies. 
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Chapt er_7 
Stimulated Bri11ouin Scattering 
Stimulated Brillouin Scattering (SBS) has also been pro-
posed as the mechanism for the nonlinear Mie scattering, and a 





 existence of SBS in individual micrometer—sized 
droplets is well established (e.g. Zhang and Chang, .1989; 
Zhang, Chen and Chang, 1990) and theoretical accounts have been 
given for particular cases (Leung and Young, 1991; Pang, 1993). 
In contrast, there have been few explorations of the 
multiple-short-pulse SBS (MSP SBS) in microdroplets, even 
though it is well studied in liquid cells (Greiner-Mothes and 
Witte, 1986; Corvo and Gavrielides, 1988; Mullen, 1990). MSP 
SBS is interest ing because the system may have memory over 
pulses; one pulse sets up a sound wave which scatters the next 
pulse. The gap between pulses then permits the study of such a 
memory effect. Recently, it has been claimed in an experiment 
on microdroplets (Wirth et al., 1992) that the SBS of a given 
pulse is affected by the retained near-forward Brillouin 
phonons generated by previous pulse which precedes it by up to 
170 ns• More recent data from the same group have confirmed 
the memory effect, and further clarified it (Cheung and Chang, 
private communication). However, as the recent results are not 
yet published, this thesis will not give them a full account. 
Nevertheless, some scenarios about the MSP SBS in 
microdroplets are unclear and there is no concrete ground yet 
to assert whether the NRL experiment (Huston et al., 1990) can 
131 
be accounted for in this manner. 
In this chapter, we intend to clarify some critical 
points. Eventually, we find that in the case of the NRL 
experiment, the overall SBS phonons do not grow, even though 
each pulse can set up a positive gain. However, this 
conclusion cannot be applied directly to the Yal伊 experiment 
(Wirth et al., 1992). • 
7.1 General Descriptions 
The classical description of SBS is very appealing. At 
the onset, an intense light beam (pump) is scattered by thermal 
acoustic phonons； the scattering creates a second, small-
frequency-shifted light wave. The whole process repeats and 
continues since the pump field, beating with the scattered 
field, produces further pressure disturbances (phonons) through 
electrostriction. Such a stimulated scattering tends to be 
vigorous when the creation of phonons in the scattering process 
exceeds their loss by decay； the intensity is said to have 
exceeded the threshold. In this way the phonons or the 
g
t 




 called the gain. A scattered beam is termed a Stokes 
(anti-Stokes) emission if its frequency is shifted downwards 
(upwards). 
SBS in microdroplets is especially interesting because 
light can be stored in an MDR for a long time; the probability 
of scattering can thus be enhanced. The threshold intensity 
for a positive gain can therefore be lowered, especially in the 
doubly resonant case in which both the incident and scattered 
132 
radiations are on resonance (Leung and Young, 1991). 
7.1.1 Resonant SRS 




 (x = 
532 nm in air) in a medium of refractive index n = 1.366 is 
used as the pump field, and this frequency corresponds exactly 
t 0 a n M D
J of a droplet of a given size. The phoaons generated 
in backscattering would have a wave number double this value, 
7 . — 1 
k
s
 绍 2k = 3.2 x 10 m and its frequency would be 
= 37 n s -
1
 ‘ (7.1.1) 
This is the maximum frequency shift of SBS in an extended 
medium, independent of the geometry of the medium. This result 
is approximately true in a droplet that is not too small, and 
because of such a small frequency shift, the pump field and the 
scattered field could both resonate with the same MDR, provided 
the latter is broader than (Figure 7*1.1a). Such a doubly 
resonant SBS is worth much attention, because both the input 
and output resonances provide enhancements, 
Not all resonances can have these double enhancements. 
The M D R , TE(164, 3) encountered in our problem, is very narrow: 
一 1 , 
its linewidth (0.03 ns ) occupies only a negligible portion of 
Q . This may be a disadvantage to SBS, especially backward 
m 
scattering. (In our analysis we consider strictly spherical 
droplets. In reality, since the droplets may be deformed by 
about 1 part in 10 , there is splitting of the azimuthal modes. 
It therefore becomes possible that the input and output 
radiations are resonant with different non-degenerate azimuthal 
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1 J^ = 1^  
j G) 
F i g . 7.1.1 
I is one frequency in the input spectrum and S is the corresponding SBS 
一1 - 1 
o:okes line, suffered from a downshift o f。
m
 = 37 ns (1.23 cm ). 
(i) Doubly resonant SBS: Both I and S can fall on a broad MDR; (b) 
r.ngly resonant SBS: the MDR is too narrow to cover both I and S. 
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m o d e s . This situation will require further study in the light 
of recent experimental results (Cheung and Chang, private 
communication). A brief discussion is given in Sect 7.5) 
An exceedingly narrow MDR indicates a very limited portion 
of energy from a transient short pulse can be utilized. We can 
use (2,2.28) to estimate the effective intensity in the mode: a 
一 o 
laser pulse of intensity 2 GW cm ， duration 0.1 ns and laser 
5 
Q - f a c t o r 10 illuminating a droplet of radius a « 10 "m can 
only transfer an effective intensity of approximately 0.1 MW 
-2 i i 
cm to the resonant mode whose Q-factor is 10 • [The r in 
0) 
the ratio T U / T of (2.2.28) is the cavity's nonabsorptive 
w Vj Li 
1inewidth since it originates from (2.2.6). ] The SBS threshold 
一 2 
intensity, however, is estimated to be 0.15 GW cm for such a 
droplet (Lai et al, 1993), so obviously the resonant field 
cannot create SBS. The other possible way of having SBS is the 
role of pump field being played by the radiation from the 
nonresonant f s. 
There is a well-known feature of Brillouin scattering: it 
favors backward scattering, which results in the maximum shift. 
This is because the larger phonon momentum is associated with 
more phase space. The output enhancement, unlike the input 
one, could be preserved if the input laser is broadband. Some 
of the frequencies from the input spectrum enable the scattered 
field to be shifted significantly and yet fall inside the 
narrow MDR (Figure 7.1.1b). The singly-resonant situation is 
really complicated because of the competition between the 
preference of maximum shift and that of falling on a resonance; 
they may conflict with each other. 
j. 3 
The SBS involving a nonresonant pump field and a non-
resonant scattered field is worthless and unimportant, on 
account of the absence of any enhancements. 
In short, we treat the case of singly resonant SBS: the 
incident nonresonant photons of angular momentum I t It, are 
scattered by phonons to create photons at w w w
D
 of Z = l^. 
K R 
The picture is validated by computations (Pang, 1993.), 
confirming that the incoming resonant photons are too scarce to 
build up a positive phonon gain for the resonant mode 
concerned. Of course, whenever the Q is degraded by something 
else, e.g. the surface bulging discussed in the previous 
chapter, the situation would change drastically. But our 
target is to find out the first mechanism that is responsible 
for the degradation of Q , and so our work is primarily focused 
at this. 
7.1.2 One Gain Mode 
One critical feature of the SBS in spherical geometry is 
worthy of note. For a large droplet, there is effectively only 
one SBS and acoustic mode having a positive gain and definitely 
one unique shift Q for given angular momenta of the pump field 
and of the scattered field (Leung and Young, 1991). This is a 
consequence of the merging of the dense discrete phonon modes 
because of a frequency uncertainty introduced by the gain in 
time. Such an acoustic gain mode is a particular combination 
of normal modes. Any other orthogonal combinations, no matter 
how large its amplitude, cannot be amplified. 
With a single pulse of 2 GW cm , other parameters 
appropriate to the NRL experiment and under the scheme of 
singly SBS discussed above, a recent work (Pang, unpublished) 
shows that 0 ^ 0.1 0
m
 and g ^ 8 ns"
1
 for the gain mode of both 
the pump field and the scattered field having the azimuthal 
quantum number, m
1
 (pump) = m
2
 (scattered) = 1. 
7.2 SBS Pressure Disturbances . 
For definiteness, we specify the incident pump laser field 
as E
L
(r) e l + c. c. with the real f r e q u e n c y、 a n d the 
scattered field as E (r) e"
1
 2 + c.c. . , where w is complex. 
^ 2 





 = - Q + ig (7.2.1) 
is the Bri1louin shift. 
The generation of acoustic disturbances through electro-
strict ion is manifested in (C.10) with the addition of a 
driving term, whose frequency is Aco and so the pressure finally 
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Substituting P into the equation of motion, we obtain 
r o Aco o i p Ao) 7 1 -> ,„’《、 




 P(r) = v-f (7.2.3) 
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where u = 4ju/3p , y is defined in (4.1.2c) and =
 e
 [ l + (
n
2 
- 1 一 a)], 0 is the unit step function. The other terms in 
2 
E do not enter because they do not have the appropriate time 
J ^ -iAot 
d e p e n d e n c e e . 
- o 2 
It is found that the pressure at r = a goes as (n 一 1 ) , 
2 
and so it is taken to be zero if the second order terms in (n 
- 1 ) are dropped (Leung and Young, 1991). 
The situation is similar to Sect ion 5.2, because the 
pressure in both cases is subject to the same boundary 
c o n d i t i o n . The main difference is the pressure disturbances 
dealt with in Chapter 5 are caused by the electrostrictive 
— > 
action of E -E whereas SBS corresponds to that caused by L L 
> > —> 
• The expansion of P(r) in normal modes is (5.2.2), or 
L s 
P(r) = ^ p ？(s,r) (7.2.5) 
s 









0 ) w i t h s
 specifying an acoustic 
mode indexed by M , L and N: M is the azimuthal number, L and N 
t h 




/a, where o y is the N root of 




) = 0. The mode ^ =芒（s, r) is normalized 
to u n i t y . 
The resultant density change affects the dielectric 
constant, and so the usual electromagnetic wave equation is 




 with a source term proportional to the product of P(r) 
and E
l
 incorporated inside, that represents the interaction 
through which E
g
 is produced. This equation, along with 
others, in principle, can solve SBS in any respect. 
By manipulating the above equations, we find 
•• •”， .,. 
2 
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where the inner product is defined as, e.g. 
<f|g> = f
a




What we need in our analysis is |P
g
| (Subsect.7.3.2). 
The absolute square of the inner product can be 
da 
linked with , the cross — sect ion per unit frequency shift 
d (Aw) 
Aw of spontaneous Brillouin scattering (BS). They are 
proportional to each other (Ching, Leung and Young, 1990; Leung 
and Young, 1991; Pang, 1993) . In addition, for large 
microdroplets (x i 30) and nonresonant pump field, the 
Brillouin spectrum has a shape essentially identical to that of 
a bulk medium (Pang, 1993), which has the approximate form 
(Ching, Leung and Young, 1990): 
d C T
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 a n d 0 i s t h e u n i t s t e
P function. 
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s ) … - V 
1
 si (7.2.9), 
I厶co'
2
 - z^ + 2i 7' Aw' I
2 
S S • 
where Ao' = Ao>/Q
m
 and y^ = 乂 / 2〜 . T h e coefficient C contains 
summations over optical modes and is independent of the 






 = 1 (7.2.10) 
s 
2 
The profile of |P
g
| is always peaked at z
g
 = 1; phonons 
of small wave numbers are scarce no matter what the shift is, 
2 5 
since IP is proportional to z [see (7.2.9)]. In an SBS 
‘ s s 
process, phonons of different wave numbers oscillate at the 
same frequency, which is Aw (7.2.2). 
7.3 Pulse Train 
A single pulse could establish a positive SBS gain. The 
phonon level rises exponentially and would degrade the Q factor 
of the optical resonance mode, as expected naively. If several 
pulses are shined immediately one after another, then the 
outcome probably simply resembles that of a long pulse. 
According to the NRL experiment, the pulses are separated by 10 
ns, which is long compared with the damping time of the high-q 
acoustic modes, which are the majority in the phonon spectrum 
(in spite of a small Brillouin shift). The significance is 
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that these modes will suffer considerable individual decays in 
the interim, and consequently, the phonons may not have the 
right momentum profile to match to the next amplification. 
After the passage of the first pulse, the SBS acoustic 
gain mode is amplified by the factor K
 a
 e
 + s ) t
P , where -0 
• + ig is the Brillouin shift and t
p
 is the duration of one pulse 
(0.1 ns) . The amplification can only last for a time of t
p
, 
since the pump field is the nonresonant radiation, which 
vanishes soon after the completion of the pulse. Between two 
pulses, each acoustic mode oscillates and decays at its own 
— I Q + Y 、T 
rate, so the factor L B e
 v
 s PP is multiplied to the 
s 
2 
s — m o d e , where = , » pq^/ 2 and t
D D
 is the interpulse 
s s a s s ^ ^  
separation (10 ns). In the language of a forced simple 
harmonic oscillator, 0 is the driving frequency while 0 is the 
s 
natural frequency. 
7.3.1 Necessity of Pro.i ect ion 
The acoustic modes experiencing the operations of K and L 
separately would no longer be entirely parallel to the mode of 
SBS gain. The question is how this residual mode can be 
matched to the next stage of amplification as the next pulse 
arrives. We assume that only the parallel component, which is 
obtained by projecting the residual mode onto the SBS mode, is 
qualified to be amplified in the next round. 
The ideas can be highlighted by using analogies from usual 
vectors. Figure 7.3.1 shows two basis vectors, q
s m a l l
 and 
q
 • They mimic the small and the large wave numbers of 
large" 
phonons in the SBS spectrum with correct proportions. The 
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！ q 
I 个 1 卿 G 
/G’ 
/ ^ G K L 
i small 
F i g . 7 . 3 . 1 
An analogy of forming a gain mode (G) from a large q-mode (Q
l a r g e
) and 
a small q-mode (q
 u
) • After the SBS multiplication and individual 
decays, the mode becomes GKL. The projection of GKL on G is G' , which 
is the starting level of the next multiplication. 
142 
vector G is the SBS mode, which is lengthened after an 
amplification without changing direction. However, the 
individual decays between two pulses alter its orientations as 
shown, because damping is proportional to the square of 
individual wave number. The resultant vector after these two 
separate processes is G L K . To pass the phonons on to have the 
< > 
next SBS triggered by the succeeding pulse, we project GLK onto 
G to obtain G', to which alone the amplification applies. The 
ratio of G' to G can therefore be interpreted as the net gain. 
The necessity of projecting the residual mode onto the SBS 
mode is not found in literature dealing with MSP SBS of 
extended medium (e.g * Corvo and Gavriel ides, 1988) because 
there the phonon mode is essentially monochromatic. This is so 
because both the incident light and the scattered light are 
confined to be one-dimensional and therefore only the 
rigorously backwards scattering is allowed. Here, the cavity 
is spherical and the phonons are excited on the basis of the 
boundary condition p(r = a, t) = 0, so many q's are involved 
inevitably. 
7.^.2 Amplitude of Projected Mode 
For simplicity, we assume all the pulses have the same 
intensity. At the moment of the arrival of the first pulse, 
there is an acoustic disturbance , which is supposed to be 
entirely parallel to the gain mode, i.e. 
s 
1 A^ 
where is the amplitude and the gain mode which is normalized 
to unity (7.2.10). 
At the moment of the arrival of the second pulse, the 
pressure P^ is 
P




















 and K are defined earlier, Orth is the component 
orthogonal to the SBS m o d e . By projecting ?
2
 onto the SBS 













Similarly, when the third pulse arrives, 
P
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Pol lowing the same procedures, we can work out the amplitude of 
th 
the SBS mode at the moment of the arrival of the n pulse: 




































The long sum comes from the fact that an orthogonal mode 
changes its status after an adjustment of the proportions of 
its components oc q^ ) during the time of their free 
oscillations. 
We can arbitrarily set e.g. = 1 [background level; see 







 < .... If it is true, then there is an 
overall gain; otherwise the decay in t
p p
 prevails over the gain 
in t
p
 and the phonon can only maintain at the background level 
on average. 
7.4 Results 








K | , where the analytical form of 
the former is given by (7.2.9)， while K and L symbolize an 
amplification and an individual decay. Other parameters are 0 
一 i 
= 0 . 1 Q
m
, g = 8 ns , tp = 0.1 ns and t
p p
 = 10 ns• The areas 
under the former (latter) curve is proportional to the spatial 
average of the square of (P
2
)• We assume the droplet has an 
initial pressure spectrum P
1
, which is appropriate for the SBS 
gain. The remnant of it seen by the next pulse is P
2
, which is 
diminished very much since L
g
K > 1 only when 0 < 0.28 O
m <
 To 
launch the next amplification, we need to first complete the 
projection, as discussed above. 
Figure 7.4.2 shows I (log scale) , evaluated from 
(7.3.6) using the same parameters as in Figure 7.4.1. It is 
obvious that |a
n
| for n > 2 are all much smaller than 丨 a」. 
Numerically, a
2
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whenever the pressure is incapable to be amplified, it will 
remain at the background level. The manifestation of this 
result definitely means that the phonons do not attain an 
overall SBS gain, by an inadequacy of many orders of magnitude. 
Figure 7.4.3 shows a
0
/ a . versus t , the interpulse 
2 1 pp ^ 
s e p a r a t i o n . Other parameters are still the same as above. For 
a t p
p
 of larger than ~ 2 ns,
 x s
 essentially ze.ro. 
One might argue about the accuracy of the Brillouin shift 
一 1 
used in the computations (Q = 0.1 Q , g = 8 ns for m. = = 
m 1 2 





 I versus gain by taking t = 0.1 ns, t = 1 0 
•Z 丄 p pp 
ns， 0 / 0
m
 = 0.1, 0.5 and 0.8. Obviously, the result does not 
一 1 
depend so much on 0, and 丨a?| 你 |
a
il only when gain > 150 ns , 
a figure which is undoubtedly unrealistic. The gain g attains 
a maximum when m
2
 =十 1 or -1， depending on the input detuning 
defined as - when the incident light has helicity m^ = 1 
(Pang, 1993). Nevertheless, the gains for m
2
 = 士1 can never 
differ by a factor of 10. 
7.5 Remarks 
(1) The electrostrictively generated acoustic vibrations 
produced by each pulse (Chapter 5) can act as the background 
fluctuations from which SBS start. Any two component 
一 1 
frequencies in the bandwidth of the input laser (10 ns ) would 
cause an acoustic response of frequency lying within the SBS 
spectrum, through their beating in the quadratic term, E〉E
L
, 
in the electrostriction. Hence the initial Stokes phonons need 
not start from the thermally excited fluctuations of density. 
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The absolute value of the acoustic vibrations may be increased, 
but the gain factor is unaltered. No matter from what level 
the first SBS starts, there is not a substantial gain over 
pulses and so the Q-factor of the cavity remains untouched 
subsequently. 
(2) As discussed in Subsect 7.1.1, only the singly 
resonant SBS is appropriate for a narrow MDR (r << 0 ). 
o) m . 
However, a case which is equivalently to doubly resonant SBS 
may h a p p e n , by means of a splitting of the (2>C + 1)一fold 
degenerate multiplet. For example, when a liquid droplet falls 
freely, its shape will be made to be slightly flat due to the 
flow of air over it. The radius of the droplet may be 
described by 
r/a 二 1 + /i Y
2 0
(8, 4>) (7.5.1) 
where |ju| 〜 1 0 —
3
 (Taylor and Acrivois, 1964; Lai et al9 , 1991). 
A slight departure from sphericity would lift the {21 + 1) 
degeneracies, since the shift in real frequency is dependent on 
the azimuthal quantum number, m (Lai et al., 1990) . The 
一 1 
multiplet spans a total width of 细 〜 2 0 0 ns , as calculated 
according to (7.5.1), while each mode remains almost the same 
intrinsic linewidth r^ (see Chapter 6), as shown in Figure 
7.5.1. This is very significant because then both the input 
radiation and the scattered radiation could possibly fall 
inside two different m-modes which could be separated by a 
shift « Q • This resembles a doubly resonant SBS, in which a 
larger gain is usually resulted (Leung and Young, 1 9 9 " . 










































































































e x p e c t , h o w e v e r , there is any major difference in our findings. 
The reasons are as follows: (I) Each m-mode is still very 
narrow and so the energy argument (limited utilization of the 
input energy from a transient pulse) is still applicable. The 
intensity of the resonant mode is far below the threshold 
(Pang,丄993); no improvement in this respect wcmid not make the 
doubly resonant SBS p o s s i b l e . (II) The splitting makes more 
modes a v a i l a b l e , and so the frequency shift in the singly 
resonant SBS, which is the only SBS in view of (I), would be 
set to be near Q by choosing a suitable m-mode. This will 
worsen the situation because only high-q modes are generated 
2 _ 
inside the droplet then: the curve of | P
g
 | in F i g . 7.4.1 will 
be sharply peaked at 0 if 0 « 0 . However, this discussion 
m m 
refer only to plane wave illumination and the situation could 
be different in other experimental geometries; e.g. Cheung and 
Chang (private c o m m u n i c a t i o n ) . 
(3) In p r i n c i p l e , SBS can have two distinct effects, 
F i r s t , SBS can lead to large pressure fluctuations, and the 
consequent inhomogeneity can degrade the Q-factor. The elastic 
scattering is then e n h a n c e d , leading to a nonlinear effect. 
This scenario has been examined in detail in this Chapter, and 
found to be not viable for the parameters of the NRL 
experiment. S e c o n d l y , SBS also leads to frequency-shifted 
scattered radiation. The scattered radiation is in principle 
distinguishable by (a) a very small frequency shift (< 0
m
 〜 3 7 
ns""
1
), and (b) a small time delay on account of storage in an 
MDK (say 1 ns before depletion). However, in experiments not 
specifically designed to isolate and discriminate on the 
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frequency shift or the time delay, the SBS radiation would not 
be distinguishable from extra elastic scattering observed. The 
recent experiments (Cheung and Chang, private communication), 
which are aimed at these issues, will allow this scenario to be 
much better understood. This remains a future task, and will 
. n o t be undertaken in this thesis. 
(4) Our analysis does not exhaust all the possibilities of 
MSP SBS in microdroplets. One available case we can imagine is 
that the incident light is resonant with a broad optical mode 
一 1 
of r w tpp. Its important implication is the resonant (pump) 
field can reside in the cavity even up to the arrival of the 
next pulse. The amplifications proceed one by one, without 
leaving any time of free oscillations of individual acoustic 
modes. There is no need to perform the projection any more and 
so the pressure is magnified simply by the factor e
n g t
P P , where 
n is the numbers of pulses in front. A very small gain would 
produce a very huge multiplication and therefore it could make 
a startling effect. 
One demonstration of possibly MSP SBS in microdroplets is 
claimed by Wirth et al. (1992). Such an interpretation of it, 
irrespective of our work here, may still be right since it is 
not reported whether the incident light in the experiment is 
resonant with an MDR or not. The linewidth of the MDR it could 
have is crucial to the whole problem. Another point that our 
conclusion drawn here may not be applied directly to it is the 
difference in the liquids. They used C C 1
4
 and C S ? the latter 
possesses an extraordinary large SBS gain (Kaiser and Maier, 
1972) • 
154 
7.6 Chapt er Cone 1us ion 
The acoustic phonons are not overall built up via SBS by 
the illumination of the pulse train with the following reasons、： 
(1) The resonant MDR before degradation is too narrow. At most 
a singly resonant SBS can occur. 
(2), The .interim period is too long to retain the-high-frequency 
acoustic m o d e s , which are maj or in the constitution of the 
SBS gain m o d e . 
(3) Small projection of the retained low-frequency (near-
forward) disturbances on the SBS mode. In other words, the 
low frequency phonons have small probability of being 
scattered by the SBS photons. 
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Chapter 8 
Bubble Format ion 
The liquid microdroplets illuminated by light in the 
scattering experiments drop from a small opening of a 




 or He) is pnefilled in the 
reservoir to several atmospheric pressure to push the liquid 
out. Part of the gas would dissolve into the liquid and ultra-
microscopic gas bubbles would be formed inside microdroplets 
when they are exposed to the lower pressure of atmosphere 
(Huston, et al.
 s
 personal communication), These ultra-
microscopic gas bubbles act as internal Rayleigh particles and 
hence the tangentially propagating resonant radiation would be 
scattered diffusely by them. As a result, the output coupling 
is effectively increased or the cavity's Q is degraded. 
Such events seem reasonably possible. One supporting 
evidence is the experimental observation of Q degradation by 
mixing polystyrene spheres of 87 nm diameter (simulating 
bubbles) into a liquid droplet of 20 "m diameter (Lin et al., 
1992). Another evidence is the experimental Q which does vary 
with the type and the pressure of the pushed gas (Huston et 
ai., personal communication). 
In this chapter we will see that the degradation in Q is 
proportional to the square of the radius of a scatter for a 
fixed amount of dissolved gas. To decrease Q by a factor of 
100, the radius should increase about 10 times; however, to the 
best of our knowledge, there is no mechanism that could make 
such a coalescence under a time scale of tens of ns • 
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8.1 Degradation due to Cavitations 
According to Henry's law (Gerrard, 1980; Huston et al., 
peraonal communication), the number of moles of a gas (n ) 
s 
dissolved into a liquid is nKP, where n is the number of moles 
of the liquid, K is a constant depending on the gas and P is 




 a n d i , K = 7 x 
一 3 — 1 一 4 一 1 一 5 . 
10 atm , 2 x 10 atm and 7 x 1 0 atm respectively 
- 3 
(Gerrard, 1980). We use their average value, i.e. K = 10 
-1 
atm and the maximum pressure reported in the experiment P == 4 
- 1 2 
atm (Huston et al., peraonal communication), we find n 尔 10 
s 
for an ethanol droplet of radius a ^ 12 jum. We make the 
assumption that all the dissolved gas forms N stable ultra-
microscopic bubbles and each has a radius R
q
. The pressure 
inside a bubble is largely due to surface tension ( 2 W and 
estimated to be about 500 atm if E
q
 « 1 nm. By using the ideal 
gas relation, we can easily obtain 
(―)
2




for m = 1 0 _
1 2
 moles. The volume of gas bubbles is not 
g
 -l 
conserved because the pressure is proportional to R
q
 . If R
Q
 = 
1 nm, then N = 1 0
1 0
 and the mean separation of gas bubbles is 
about 10 nm if they are evenly distributed throughout the 
droplet• 
Since the perturbation in 1/Q is second order and the 
m a
t r i x element D ^ ! in (4.2.4) is proportional to the volume of 
a b u
b b l e , the result goes as (volume of a bubble x number)
2
. 
The number of bubbles is tremendously large and they are placed 
randomly， so the contributions from individual ones can be 
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I 
superposed incoherently. Obviously, the bubbles act as 
Rayleigh's scatters because the perturbation is proportional to 
r a d i u s
6
. In view of (8.1.1), we claim that 
1 - — = C R
2
 (8.1.2) 
Q Q o x
 o 
for a fixed amount of dissolved gas. C is a cons tarlt which 
does not contain N. 
We computationally simulate the situation by placing a 
total of 10
6
 bubbles of radius 1 nm randomly inside a droplet 
of radius 12 /im. The averaged 1/Q - 1/Q
0
 for the resonant mode 
TE(164, 3) is about 10一
1 5
. The value is scaled to the case 
-7 




. This result seems to agree with Huston et ai• • s 
observations (peraonal communication), in which experimental 
Q's are tested against different species of gas and the 
reservoir gas pressure: the degraded Q ranges from 3 x 10
6 
8 
(CO,, 4 atm, radius of droplet = 5 jum) to 2 x 10 (He, 3 atm, 
radius of droplet = 7.5 pm) • 
There is no experimental evidence that the Q-factor of 
the narrow resonance in the nonlinear Mie scattering were 
degraded significantly at the beginning of the experiment (the 
illumination of the first pulse). Hence we can conjecture that 
the initial bubbles, if they exist, cannot degrade the Q far 
b e l o w
 ！ o
8
, the original Q due to absorption. In other words, 
the size of bubbles at the beginning is, in fact, R。〜1 nm. 







, then there must be a coalescence of many small bubbles to 
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increase the radius by at least one decade, according to 
(8.1.2). 
In other words, if the Q is really degraded considerably 
by bubbl es, there must be a mechanism that could form large 
bubbles or coalesce small ones. 
8.2 Coalescence of Gas Bubbles • 
Bunkin and Karpov (1990) observed steady cavitation 
bubbles of radius 0. 1 - 1 jum under a microscope in a 20 /jm 
water cell after the pas sage of a laser pulse of duration x = 
P 
20 ns. The energy in the pulse is 10 mJ and the focusing spot 
^ 3 m m . It is argued that such large bubbles are formed by 
coalescences of ultra-microscopic gas bubbles of radius 1 nm 
over a time 〜 T by the compressional effect of two oppositely 
P 
directed hypersonic beams, which are excited electrostrictively 
along the incident laser light and the reflected light from the 
ceil walls. The concentration of the ultra-microscopic gas 
4 A Q 
bubbles is shown to be 10 cm一 • To make one bubble of radius 
500 times larger, approximately 250000 smaller ones have to 
coalesce• 
It is doubtful about the applicability of the above 
argument to the liquid droplet. First of all, we estimate the 
fluid velocity corresponding to a pressure of 3 atm (see 
-1 




 〜 0 • 3 m s • 
Figure 8.2.1 shows the radial velocity along the z-axis at 
the instant (a) t = 2 ns and (b) t = 10 ns. The amplitude of 
velocity agrees with the above estimate. The effective inertia 
"felt" by a bubble should be an average of its interior gas, 
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F i g . 8 . 2 . 1 
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w h i c h is compressed because of high pressure, and the nearby 
surrounding liquid; this value would not differ from that of 
b u l k liquid too much. Bubbles drift at similar speeds. 
A c t u a l l y , bubbles oscillate with amplitude 〜0.1 nm (co « 6 
GHz ； see Subsection 8.3); they move away slowly because the P-t 
graph is not symmetrical about the equilibrium value. The net 
一 1 
translational speed is estimated to be 0.2 m s (r .*m. s . of the 
m a x i m u m speed). Such a speed may be still very over-estimated, 
but it only reinforces our final conclusion. To travel a 
d i s t a n c e of mean separation of 10 nm (suppose R
q
 〜1 nm) by a 
一 1 
speed of 0.2 m s ， the time required is about 50 ns• To 
8 7 
degrade the Q by 2 - 3 orders of magnitude (from 10 - 10 to 
1 0
5
) , there have to occur a large-scale coalescence of 
increasing the size of bubbles by at least one decade ( 8 . 1 . 2 ) . 
After 100 ns (the beginning of nonlinearity), a bubble 
undergoes a net displacement of two mean separations at most. 
The coalescence is apparently inadequate to increase the radius 
by 10 times (it needs to coalesce 100 small bubbles). 
Without knowing whether coalescence is really physically 
p o s s i b l e , we use the above simple argument to show the 
unlikelihood of a coalescence that is adequate to spoil the Q. 
ft ^  Anous tic Cavitation 
The well-known theory of acoustic cavitation (Knapp, Daily 
a n d
 H a m m i t t , 1970； Neppiras, 1980; Apfel, 1982) concerns us 
v e r y m
u c h because it could cause a small bubble to grow. 
A c o u s t i c a l l y g e n e r a t e d cavitation occurs when the pressure 
a m p l i t
u d e of an e n e r g e t i c acoustic wave exceeds the ambient 
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p r e s s u r e . A preexisting bubble may begin to grow during the 
negative part of the acoustic cycle. The growth is slowed down 
and finally reversed when the acoustic pressure goes positive. 
In Chapter 5, we have analyzed the fluid pressure due to 
the illumination of one pulse of 2 GW cm""
2
, its spatial and 
temporal dependence is given by (5.2.2), Figure 8.3.1 shows 
the total pressure versus time at some locations on 'the z-axis. 
Essentially there is a short packet propagating outwards from 
the front-focal hot spot at v (a smaller one from the back-
a
 v 
focal hot spot too). The duration of the packet relates to the 
size of the hot spot and the frequency is about f 〜1 GHz. 
Although the amplitude decays with time, the pressure in the 
packet can be negative up to the arrival of the next pulse (10 
ns later) . This result does not contradict our earlier 
statement that the rms pressure is about 0.1 atm, since the 
large pressure is only transient at a particular position. The 
amplitude of the negative acoustic pressure is about 3 atm. 
According to Apfel (1982), the maximum radius of the transient 
bubble grown during the negative cycle is given by 
R
m












where co is the angular frequency of the acoustic wave, p
o
 is 
the density of liquid, P
Q
 is the atmospheric pressure and p is 
the ratio of amplitude of acoustic wave to P
Q
. The radius 
found by (8.3.1) would be overestimated because viscosity and 
t h e i n
e r t i a l start-up effect are neglected in its derivation. 
We substitute co = 6.3 GHz and
 P
 二 3 in (8.3.1) and f i n d 、 ^ 
5 nm. This means the frequency is too high and no adequate 
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time for a cavity to grow. Bubbles of 5 nm are inadequate to 
spoil the Q by 2 orders of magnitude. In addition, the cavity 
is transient, it soon col lapses as the acoustic pressure turns 
p o s i t i v e . At the arrival of the next pulse (10 ns), the two 
packets reach the central region of the droplet (a 对 12 /jm, v 
a 
3 -1 
ins ) » it cannot disturb an MDR even if a large cavity 
were formed there, because resonant radiation is onl.y localized 
near the rim (Fig. 2.1.10). 
It seems that large cavitations are not formed acousti-
cal ly to scatter the resonant photons. 
8.4 Chapter Conclusion 
According to our estimate, we do not find the internal 
scattering by bubbles could render an enough Q degradat ion to 
account for the nonlinear Mie experiment (Huston et al., 1990). 
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Chapter 9 
Conclusion and Discussion 
We have studied the four mechanisms proposed for the 
understanding of the nonlinear elastic (Mie) scattering (Huston 
e t a l
- » 1990). Their main features and results are summarized 
in the following. 
« 
Electrostrictively Induced Bulk Acoustic Disturbances 
1. Many acoustic modes are involved; they essentially represent 




 匆 2 x 10 . 
3 . T i m e - a v e r a g e d 1/Q - 1 / Q
Q
 W 8 X 1 0 —
1 1
. 
4. Maximum 1/Q - 1 /Q in the exact solution for the pulse train 
- 1 0 
is about 3 x 1 0 . 
Electrostrictively Induced Surface Bulging 
1. Surface modes are low-frequency and hence effects can be 
superposed nearly coherently over a pulse train of total 
duration 200 ns. 
2. The Q-degradation depends on the amplitude and the curvature 
of the bulge. The lowest Q occurs at their optimum. 
-2 
3. For a single pulse of fluence 0.2 J cm , the Q for TE(164, 
3) i
s
 severely degraded (Q ^ 5 x 10
6
) at t « 60 ns after the 
illumination. After 300 ns, the degradation is negligible 
although the distortion is still developing. 
4 
4. Just after the completion of the twenty pulses, Q = 5 x 10 . 
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SBS 
1. If the initial Q is too narrow, the intensity of the 
resonant field cannot exceed the threshold. The NRL 
experiment (Huston et al. , 1990) is an example of this. 
2. The nonresonant part can cause a positive gain in a single 
i 八 —O 
pulse of intensity 2 GW cm 
3. Only near—forward (1ow—frequency) phonons are retained 
between p u l s e s . They are not favored to be produced in SBS, 
and equivalently, they have low probability of scattering 
photons (small projection on the gain mode). The residual 
phonons cannot be utilized as the starting level of the next 
SBS amplification. 
4. The SBS phonon mode with respect to the pulse train in 
Huston et ai. 's experiment (1990) is incapable of growing. 
Bubble Formation 
1. Degradation in Q is proportional to the square of the radius 
of bubbles formed by a fixed amount of dissolved gas. 
2 . An increase in the radius by at least one decade, possibly 
the consequence of a large-scale coalescence, would reduce Q 
from 〜10
8
 to - 1 0
5
. However, bubbles move slowly and so it 
seems that such a coalescence is impossible. 
We conclude that the right mechanism for the nonlinear 
elastic scattering (Huston et ai., 1990) is definitely due to 
the surface bulging, which are localized at the two poles and 
the Descartes ring. Other candidates, fail to complete with it. 
N e v e r t h e l e s s , it is still possible that other nonlinear 
processes (especially SBS) could begin to participate at a 
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moment in the pulse train when the Q has degraded to a 
favorable level. We conjecture that the observed fluctuation 
in the amplitude of the scattered signals may arise from such 
an event. A purely bulge-induced degradation is temporally 
smooth (Fig. 6.2.4) and so it cannot cause the fluctuation. 
Some earlier experimental works have observed the 
additional leakage of SRS or lasing radiation from t.he 
Descartes ring (Srivastava and Jarzembski, 1991; Xie et al. t 
1991a, b； Chen et al., 1993). The leakage from the Descartes 
ring has a prompt (or quasi-instantaneous) and a persistent (or 
cumulative) component； the latter is believed to be caused by 
the electrostrictively induced deformation in the region of the 
Descartes ring (Xie et al., 1991b; Chen et al., 1993). Xie et 
a
l . (1991b) observed the emission from the Descartes ring for 
delays of 43, 37, 18, 5 and 0 ns• They find that the effect is 
strongest for delays of 43 and 37 ns, and is weakest for delays 
of 5 and 0 ns. This is consistent with the result found in 
this thesis (the left side of the peak in Fig. 6.2.2). If the 
experiment could be repeated with even longer delays (e.g. 200 
ns, 400 ns), our theory could therefore be critically checked. 
Finally, we have to point out whether the conclusion drawn 
here could be equally applied directly to Wirth et ai.'s 





 droplets of radius a w 35 
The effect, they observed, can survive after 13.2 ns or up to 
171.6 ns. The time 171.6 ns situates at the upper margin of 
the peak of Q-degradation (Fig. 6.2.2). In fact, a large 
d r o p l e t o s c i l l a t e s a t a l o w e r frequency (6.1.1)； a factor of 
35 pm/12 = 3 in the increase of radius makes the 
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characteristic time longer by a factor of 5. The peak of Q 
degradation would be shifted to a later time, and hence there 
may be a considerable degradation even at 172 ns• 
Despite this, we cannot affirm the mechanism of Wirth et 
al.'s experiment (1992). The uncertainty and the major 
differences between the two nonlinear scattering experiments 
are twofold: 
(1) It is not reported that what MDR(s) the input laser in 
Wirth et ai.'s experiment resonates with. If the optical mode 
8 
is a narrow one (Q ^ 10 ), then the situation of these two 
experiments would be similar. However, if the MDR is broad 
with lifetime ^ interpulse separation, then the growth of 
phonons will continue throughout all the time within the pulse 
train and SBS would become very dominant (Section 7.5). 
(2) In Wirth et ai. ' s experiment, the laser was focused near 
the droplet edge with a beam radius w a/2 ； while in Huston et 
al.  1 s experiment, the focusing spot covers the whole droplet 
and so the input light can be regarded as a plane wave. When 
light refracts (diffracts) into the droplet from the edge, both 
the resonant and nonresonant intensity distributions will 
change. The most noteworthy point is the increase in the 
efficiency of infusing energy into a narrow MDR when a beam is 
focused at the edge (Barton et al., 1989; Khaled et al•，1992). 
This may be advantageous to the occurrence of some nonlinear 
processes• 
The scattering experiment of Wirth et al. (1992) may be 
ascribed to SBS or the electrostrictiyely induced surface 
tmlging. We cannot discriminate them unless more information 
about the experiment is available. 
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APPENDIX A 
Formalism of Mie Theory 
The incident electric field 2 = (e
x
 士 ^  ) e
l k z
 can be 
d e c o m p o s e d into multipole fields (Jackson, 1975, Sect. 16.9): 
① ， 1 
t = J i
l
 ,、（ k r ) X《,
±1
 ± [ 7 x[j^(kr) , 
尤=1 L J 
(A.l) 
where t specifies the angular momentum, i = , k = 2n/\ and 
is the spherical Bessel function of the first kind; the 
vector spherical harmonics are 
^ ^ (A.2) 
— —> —> 
where L = -ir x • is the angular momentum operator and the 
Y (0,^>) are the spherical harmonics. The + ( 一 ） s i g n 
^ f i 1 
corresponds to a left (right) circular polarization. All the 
一 i (01 
fields have the time dependence e一
 w
 , which is omitted in the 
expressions. The form written in (A.l) automatically satisfies 
Maxwell's equations. 
The magnetic field can be found by 
B = X E
 (A.3) 
where c is the speed of light in vacuum. The terms in E 
proportional to X are perpendicular to the radius vector, and 
are usually referred to transverse electric (TE) modes. Those 
terms in E proportional to 7 x f《（r)t where f^(r) is a 
spherical Bessel function of order t, are termed transverse 
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magnetic (TM) modes. 
By using the same terminologies, the internal electric 
field can be expressed as 
oo 广 
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i ] - • 
J
 (A.4) 
The coefficients a and p are the strengths of the TE and 
夂，（ N , 
TM modes inside the sphere respectively. 
Likewise, the external scattered field is obtained by 
altering the two coefficients a and p to, say a. and p、 
respectively, and replacing by the spherical Hankel function 
(1 ) 
h . This is because the waves at infinity must be outgoing. 
The magnetic counterparts are still found by (A.3). The total 
field outside the sphere is a sum of the incident and the 
scattered fields. 
The coefficients are determined by matching appropriate 
boundary conditions at r = a. The boundary conditions are the 
continuity of the tangential components of the electric and 
magnetic fields. After some algebraic manipulations and using 
the following two identities (Jackson, 1975, Chap 16): 
a I ， 1 3 /v — 
— 安 … 、 7 - i r j Z d + l )
 { ( k r ) Y
 + -——-[rf (r) ] r x X 
• x f (kr)X = jC l9m r dr t l9m 
. (A.5) 
where r is the normal unit vector, and 
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we can f ind 
一 2 i 1 
7 ? h ⑴ - J h⑴' 
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2i 1 p = 一 
< 义 2 o ~ /
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 (A.8b) 
All expressions in the RHS of (A.7) and (A.8) are evaluated at 
〜 d 
x, j(x)=j(nx) and , = — • 
Sometimes, it is convenient to express the fields in our 
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( ( Hn a u
 (A.10b) 
where P尤 is the Legendre polynomial of order I and u = cos0. 
In this w a y , the three components of E inside the sphere can be 
written as 
① 
E = i y
 u + 1
 \n C (r) - i T D (r)l e
± i 0 






 2 1 + 1
 \n D (r)
 +
 i r C (r ) l e±i(p 
2 丄 尤(尤+1) “ 尤 尤 尤 J 
(A.lib) 
00 
1 rn I j (nkr) ^ 
E = qu- ) i (21 +1) , I , 2 n e士i少 








 j^(nkr) (A.12a) 
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(>C+1) j^(nkr) 




 (A. 12b) 
Z <,Z kr -t+l 」 




/ k r and 
therefore the scattered field is 
① . 水 e
i k r 
i
 V
 2 ^ 1
 (jr a + z
 p ) e±l4> —— (4.13a) 
= - - 〉 s p p >，之 kr 
e
 2 。 匕 、 l U + n 1 > f Z 
173 
① 
1 • 2^+1 ikr 
%
 = ±





1 3 b ) 
E = 0 (A.13c) 
r 
. I n addition, n and x themselves have the recurrence relations 
t t 
兀 一 2 尤 一 1 一 1 
( 一 I - 1
 U




 (A. 14a) 




 = 0 and Jt^  = 1 . 
If the incident field is polarized in other manners, the 
results can be evaluated easily by suitably superposing the two 
kinds of circular polarizations, e.g. 
E(left) + E(right) 
E(x-polarized) = ；~~ (4.15) 
174 
APPENDIX B 
Formalism of the Perturbation Theory of the Linewidth 
(I) Derivation of D))! 
Inside a homogeneous dielectric sphere of radius a, the 
scalar r-B satisfies the Helmohltz wave equation 







) r-B = 0 (B.l) 
with nontrivial solution and r•E = 0 since TE modes are now 
considered. Suppose the dielectric constant is perturbed to 
depart from a constant and have a spatial variation described 
by (4.2.1). The perturbed scalar r•B takes the expansion: 
— — 2 
r-B = tp
Q
 + /i + /i ip
2
 + • (B.2) 
where w and v>
1








) ^ = 一 k
2
 F(r,e)识• (B.3) 
respectively. If r-B is expanded in this way: ^ f尤（r) Y ^ C O , 
少），where Y are the spherical harmonics, then and tp
j[
 can 
be written as 
^ = \ 、 ， i ( r ) i = 1 ( B . 4 ) 
之，m 
T h
e y are, presumably, subject to the same boundary condition 
prior to perturbation, and therefore 
, 、 n (B.5) 
f
^ , l
( a ) =
 ° 
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In view of v>
q
 satisfying (B. 1) , one can easily find 
j^(nkr) 
= 、 ， 0 ( 力 ( B . 6 ) 
In p r i n c i p l e , f^^ ^ (r) can thus be solved, but the relevant 
quantity for our purpose is the logarithmic derivative D … 
KJi 
which is defined in this way: 
df„(r)
 r 1
 = k ^ D 仅 ， f ^ (a) ( B . 7 ) 
d r
 r=a V 
Likewise, D ^ , can be expanded formally as 
、， = …义“切 + ••… （B.8) 
where D ^ ! can be found from (B.6) and D ^ ! (4.2.3) can also be 
worked out after some mathematics. 
(II) Derivation of C^ 
On the other hand, the transverse electric field of mode I 
must have the form 
=、v) （ B - 9 ) 
because of the form of r-t (B.4) (Jackson, 1975, Sect.16.2), 
w h e r e a
 is the n o r m a l i z a t i o n constant. The difference between 
the electric field before and after the perturbation (2.2.2 vs 
B.9) is the radial function, which is formerly but now 
replaced by f ^ 
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Suppose an EM wave is incident on the sphere, all the 
coefficients in the internal and the scattered fields can be 
found after matching boundary conditions as usual. The 
perturbed TE complex resonant frequency z is defined by setting 
the denominator of the scattered coefficient zero, i.e. 
f尤（z/k) h ^ ) ( z ) - k f足（z/k) ' (z) = 0 ' (B.10) 
If we define H 仅 ， = 5 仅 ， h 丄 ! > “)/h丄”（z) and because of (B.7), 
(B.10) can be rewritten as 
^ (z) — H仅，（z)] f^, (z/k) = 0 (B.ll) 
V ‘ 
A >S 
which is an eigenvalue equation of the operator M(z) = D(z) 一 
A 
H(z) . The eigenvalue is zero, so det M = 0. D 仪 ， h a s already 
been expanded in powers of \i (B. 8) and z can be expanded 
s imilarly： 




 + . . . . . (B.12) 
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where z is the original resonance, Z
q
 = x 〇 - � / 2 ; zy and z 2 O A A 
are the shifts. Various D,s and H are further expanded about 
、 w i t h the incre
m
ent Az = 〜 + by using the 纖 匪 
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“ ⑴ : [ w - r ]
Z i
 + 6 ⑴ ， a n d 
M
( 2 )
 = 6 ⑵
，
+ + 1 z
2
 一 H'] + Z [5
( 0 )
' 一 R] 
. l 2
 1
 2 — 
'(B.14) 
All operators in (B.14) are evaluated at Z
q
. The next step is 
to insert 狃 into the usual Ray1eigh-Schrodinger formula. The 
perturbed and the unperturbed eigenvalues are zero (criterion 
of resonance), therefore the result is reduced to a condition 
imposing on the shifts： 
〜 一 I 〜乂
 +
 •••• = 0 (B.15) 
whose terms are then separated according to the order of /i. 
1st order: M ^ = 0 (B.16a) 
w ( l ) 1 ) 
2nd order: M ^ - \ = 0 ( B M b ) 
What we are searching for are the imaginary parts of 、 




i 一 1 “ 
n - 1 
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where the denominator (n
2
 - 1) originates from - [ C - 心 ] . 
In order to make a considerable simplification, we substitute 
X
Q
 instead of Z
q
 in calculating the matrix elements; that IS 
equivalent to dropping terms of 0 ( 1 / Q
q
) , where Q
q
 is the 
initial Q - f a c t o r . In this w a y , many matrix elements including 
D
工 become real； z
i
 is purely real and therefore contributes 
none to the perturbation of the linewidth. We need to carry 
out the second-order perturbation (B.16b) within the same 
a c c u r a c y . The theory of the perturbation is thus established 
and the main result is written in (4*2,2). 
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APPENDIX C 
(I) Derivation of Boundary Condition ( 5 . 2 . n 
An appropriate boundary condition on pressure determines 
what discrete acoustic modes that are capable to be excited 
. i n s i d e the droplet. 
At first, we suppose a deformed surface such th'at the 
angle-depending radius is 
r = a + h(6, (p, t) (C. 1) 
The excess pressure just beneath the surf ace is due to surface 
tens ion and given by Laplace
1
s formula in spherical coordinates 
(e.g. Landau and Lifshitz, 1987): 






 = a) = i 2 + [ (sin0 — ) + J \ h P (
 )
 a
2 t sine ae aa
 s i n
2
0




vJ h (C.2) 
which is correct to 0(h) and where y
s
 is the coefficient of 
surface tension. The contribution from the undeformed 
spherical surface is omitted, since it just adds an overall 
cons tant• 
Suppose P is axially symmetrical and has the form 
. , 、
v
 -iwt (C.3) 




 e ^ 
where A is the c o e f f i c i e n t and L stands for the order of the 




 = -VP and since v
r
 = ah/at at r = a, it follows that 
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A q - U 
h = — — 2
 j
L







w h i c h , together with (C.3) evaluated at r = a, are substituted 
2 
into (C.2). -•丄 h in (C.2) is the sum of reciprocals of the 
2 
two principal radii of curvature and 一 • 丄 Y = (L - 1)(L + 




( q a )
 (L - 1)(L + 2) 
= — — (C.5) 
j ' (qa) q a 2 J
 L a p v 
厂o a 
This is just the boundary condition on q we are seeking for. 
2 -6 






 « 2 x 10 
and so the RHS of (C.5) is generally small except for very 
small q a . 








 = (C.6) H
 3 2 
p a v
o ^o a 
This formula is well known and links to the capillary surface 
oscillations of a spherical drop (Lamb, 1932; Reid, 1960; 
Chandrasekhar, 1961； Landau and Lifshitz, 1987; Lai et al., 
1989). However, such q contributes essentially nothing to bulk 
pressure disturbances because the function j
L
(qr) approaches 
zero rapidly (qr << L) as r goes inwards from the surface. 
For solutions other than (C.6), qa > n and when L << 10 
is considered, the RHS of (C.5) is far below unity and so 
legitimately to be regarded as a zero. Accordingly, we obtain 
j (qa) = 0, or the boundary condition (5.2.1). It implies the 
Li 
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pressure has a node at the boundary. Hence, A, q and o in 
(C.3) are indexed by L and N , corresponding to the N
t h
 root of 
the equation j (qa) = 0. 
Li 
At last, we supplement a point that the smallness of the 
RHS of (C.5) is basically attributed to the large bulk modulus, 
2 
. p ^ v
o
. Hence, the boundary condition ought to the equally 
O 2L 
applicable to a slight viscous globe even though it 'is derived 
here for an ideal fluid. 
(II) Derivation of (5.2.2) 
The linearized Navier-Stokes equation (e.g. Landau and 
Lifshitz, 1987) is 
P
0
 fX = -VP + ^ - v
z
 v + ~ V x (V x v)J (C.7) 
at 、
3 3 
where v is the velocity, P is the pressure, p is the static 
density and [i is the (first) coefficient of viscosity. The 
second viscosity coefficient is assumed to be zero, as in usual 





 1 Zi 7
2
( V . V ) 口 ） 
at 3 
b y
 utilizing v• (V2 v) = 夺 T h e continuity equation 
^
 +
 p 7 - v = 0 ( d ) 
at
 0 
and the equation of state 
州 2 . (C.9b) 
5P = 6p 
cl 
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allow us to eliminate v from (C.8), to yield the equation of 
mot ion of pressure, which is subject to the boundary condition 
(5.2.1): 
2 










where v = 4p/3p
Q
. We seek a solution of P in the form (C.3). 
We substitute it into (C.IO), then the equation of the 






 … 1 1、 
+ to - q v = 0 (C.ll) 
p
 a 




 << 1 (qa are the roots of j
L
= 0), therefore finally P(r, 
v “ 
a 
t) has the form (5.2.2) with 7
L N
 and Q ^ defined in (5.2.3). 
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APPENDIX D 
Formalism of the Nonimpulse Approach in Sect.5.7 
For simplicity, we consider the linearized non-viscous 
fluid equation for the region inside the droplet. The surface 
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which is subject to the boundary condition 
n
2
 - 1 2 
P(r = a一，t) = - e
Q



















and the boundary condition (D.2). In view of (D.4), P
2 
therefore has the form 
P
2






w h e r




 - 1 
C
L
(t) = - ^ ― ^ ~ e
0
 J E(r = a , t ) 2 Y
l o
 dQ (D.6) 
It then follows that P^ is governed by the similar equation as 
P in (D.1) but the additional term 
rcL⑴（》L ylo⑷ .(d.7) 
、 L 




P ^ r = a", t) = 0 (D.8) 
The latter condition allows us to write 
P i = I \
N












where a = q a is the N root of j_ = 0. By substituting 
LN LN L 
(D.9) into the PDE of P
1
, we then obtain the ODE for A(t)• The 
method of solving it is standard; the solution found by taking 
2 —r t 
the time dependence of the resonant E as 0(t)e o (2.2.26a) 
is 
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Derivation of (6.1.3) 
The linearized equation of motion for a viscous incom-
pressible fluid is 
d dv o Ho — = 一• P + /j • v (E. 1) 
at 
together with the condition of i ncompres s ibi1i ty 
V • v = 0 (E. 2) 
Hence P satisfies the Laplace's equation and so we can express 
it as 
— = \ (L+l) a r
L
 P (cose) e~
l a ) t
 (E.3) 
P L L L 
•
 L 
After a lot of mathematics (e.g. Chandrasekhar, 1961)， we can 
work out the solution of v : 
v
r









• 1 d U(r) d P(cosO)
 e
"
i C i ) t
 (E.4b) 
V = > 一 — — 
e L r dr de 
L 




where U J r ) = A
l
 r jjq.r) - i - r
L + 1
 (E.4d) 
where q = J B y matching boundary conditions, we can 
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 . They involve the 
L L 
viscous stress tensor, of which the relevant parts are 
o = - ? + 2 n ( — ( E . 5 a ) r r
 6r 
r。 r 30 39 r 
« 
a at r = a is matched to the excess pressure due to surface 
rr 
tens ion (the negative of the RHS of (C.2)) and o ^ at r = a 
Tt) 
dh 
vanishes. As the third condition v (r = a) = — is introduced r
 dt 
and under the assumption of weak damping (p — 0), the Fourier 
transform of (6.1.3) is hence obtained. 
188 
References 
A b r a h a m , M . , 1909, Rend. Circ. Matem. Palermo 28» 1 . 
A b r a h a m , M . , 1910, Rend. Circ. Matem. Palermo 30, 5• 
A p f e l , R . E . , 1982, Acoustic Cavitation in U1trasonics• P . 
Edmonds, ed. (Academic, New York), Vol. 19， p.355-411. 
B a r b e r , P . W . and S. C . H i l l , 1990, Light Scattering by 
« 
Particles: Computational Methods (World Scientific, 
Singapore), p.79-185. 
B a r t o n , J . P., D. R . Alexander, and S. A . Schaub, 1989, J. 
A p p l . Phys. 65, 2900. 
B i s w a s , A . , H . Latifi, R . L . Armstrong, and R . G . Pinnick, 
1989a, Phys. Rev. A40, 7413. 
B i s w a s , A . , H . Latifi, R . L . Armstrong, and R . G . Pinnick, 
1989b, Opt. Lett. 1 4 , 214. 
B o h r e n , C . F . and D . E . Huffman, 1983, Absorption and 
Scattering of Light bv Small Particles (Wiley, New 
Y o r k ) , p.82-129. 
B r e v i k , I., 1979, Phys. R e p . 52, 133. 
B u n k i n , N . F . and V . B . Karpov, 1990, JETP Lett, 52, 18. 
C a m p i l l o , A . J., J. D . Eversole, and H . - B . Lin, 1991, Phys. 
R e v . Lett. 67, 437. 
C h a n d r a s e k h a r , S., 1961, Hydrodynamic and Hydromafinetic 
Stability (Oxford U . Press, Oxford), p.466-476. 
C h e n , G . , W . P . Acker, R . K . Chang, and S. C . Hill, 1991, Opt. 
L e t t . 1 6 . 117. 
C h e n , G . , D . Q . Chowdhurry, R . K . Chang, and W.-F. Hsieh, 1993, 
j O p t . Soc. Am. B10, 620. 
189 
C h e u n g , J. and R. K . Chang, 1994, personal communication (Yale 
University, New Haven, Connecticut 06520). 
C h i n g , S. C., H . M . Lai, and K. Young, 1987a, J. Opt. Soc. Am. 
M , 1995. 
C h i n g , S. C., H . M . Lai, and K. Young, 1987b, J. Opt. Soc, Am. 
M , 2004. 
C h i n g , S. C . , P. T . Leung, and K. Young, 1990^ Phys. Rev. M i 
« 
5026. 
C h u , C . M . , G . C. Clark, and S. W . Churchill, 1957, Tables of 
Angular Distribution Coefficients for Light Scattering 
by Spheres (Eng. Res. Inst., Univ. of Michigan, Ann 
A r b o r , M I ) . 
C h y l e k , P . , H•-B. Lin, J. D, Eversole, and A. J. Campillo, 
1991 ,• Opt. Lett. J_6, 1724. 
C o o n e y , J. and A. Gross, 1982, Opt. Lett. 7, 218. 
C o r v o , A . and A. Gavrielides, 1988, J. Appl. Phys. M , 489. 
D e n m a n , H . H . , W . Heller, and W . J. Pangonis, 1966, Angular 
Scattering Functions for Spheres (Wayne State U. P.). 
D r a k e , R . M . and J. E. Gordon, 1985, Sci. Am. 51, 955. 
E i n s t e i n , A . and J. Laub, 1908, Ann. Physik 26, 541. 
Eversole, J. D . , H.-B. Lin, A. L. Huston, and A . J. Campillo, 
1990, J. Opt. Soc. Am. A7, 2159. 
Feynman, R . P•， R. B. Leighton, and M . Sands, 1964， 
The Fevnman Lectures on Physics (Addison-Wes1ey, 
Reading, MA), Vol. II, p.10-9. 
Gerrard, W . , 1980, Gas Solubilities: Widespread Applications 
( P e r g a m o n Press, Oxford). , 
Gordon, J. P., 1973, Phys. Rev. A8, 14. 
190 
Greiner-Mothes， M . A. and K . J. Witte, 1986, Appl. Phys. Lett. 
49, 4. 
Helmholtz, H . von, 1882, Wied. Ann. 1 3 , 798. 
Hakim, S. S. and J. B. Higham, 1962, Proc. Roy. Soc. M , 190. 
Haroche, S. and D . Kleppner, 1989, Phys. Today, 42, 24. 
H i l l , S. C . and R. E. Benner, 1986, J• Opt. Soc. Am B3. 1509. 
Hill, S. C . and R. E. Benner, 1988, Morphology-dependent-
« 
resonances in Optical effects Associated with Smal1 
Particles, P. W . Barber and R . K. Chang, eds• (World 
Scientific, Singapore), p.3-61. 
Hulet, R . G., E. S. Hilfer, and D . Kleppner, 1985, Phys. Rev. 
Lett. 55, 2137. 
Huston, A . L. , H.-B. Lin, J. D. Eversole, and A. J. Campillo, 
1990, Opt. Lett. 1 5 , 1176. 
Huston, A . L. , H.-B. Lin, J. D. Eversole, and A . J. Campillo, 
1992, personal communication (Naval Research 
Laboratory, D. C. 20375), 
Jackson, J. D . , 1975, Classical Electrodynamics (2nd ed., 
Wiley, New York), p.744-747, 767-775. 
Jones, R . V . and J. C. S. Richards, 1954, Proc. Roy. Soc. A221, 
480. 
J o n e s
, R . V . and B. Leslie, 1978, Proc. Roy. Soc. A M 0 , 347. 
K a i s e r
, W . and M . Maier, 1972, in Laser Handbook, T . F. Arecchi 
and E. 0 . Schulz-Dubois, eds. (North-Holland, 
Amsterdam), Vol• 2, p.1077. 
Kerker, M . , 1969, The_Sratterin^ of Li^ht and Other 
£i_^frnma
g
netic Radiation (Academic, New York). 
1 」 T - V u S C Hill, P. w . Barber, and D . Q . 
Khaled, E. E. M., 、
 n i
… 
Chowdhury, 1992, Appl. Opt. 3i, 1166. 
191 
K h a r e , V . and H . M . Nussenzveig, 1974, Phys. Rev. Lett. 33, 
976. 
Kleppner, D . , 1981, Phys. Rev. Lett. 47, 233. 
K n a p p , R . T., J. W . Daily, and F. G . Hammitt, 1970, Cavitation 
(McGraw-Hill
f
 New York). 
Lahoz, D . G . and G. M . Graham, 1979, Can. J. Phys. 57, 667. 
Lai, H . M . , W . M . Suen, and K. Young, 1981, Phys. Rev. Lett. 
47, 177. 
Lai, H . M . , W . M . Suen, and K . Young, 1982, Phys. Rev. A25, 
1755. 
Lai, H . M . , C. K . Ng, and K. Young, 1984, Phys. Rev. A30, 1060. 
Lai, H . M . , P . T. Leung, K . L. Poon, and K . Young, 1989, J. 
O p t . S o c . A m . M ， 2 4 3 0 . 
Lai, H . M . , P . T. Leung, K . Young, P. W . Barber, and S. C . 
Hill , 1990, Phys. Rev. M i , 5187. 
Lai, H . M . , P . T. Leung, and K. Young, 1990, Phys. Rev. M i , 
5199. 
Lai, H . M . , C. C. Lam, P. T. Leung, and K . Young, 1991, J. Opt. 
Soc. Am. B8» 1962. 
Lai, H . M . , P . T. Leung, C . K . Ng, and K. Young, 1993, J. Opt. 
Soc. Am. B10, 924. 
Lam, C . C . , P. T. Leung, and K . Young, 1992, J. Opt. Soc. Am. 
B 9 , 1585. 
Lamb, H . , 1932, Hydi^dYnMLics (6th ed. Cambridge U. Press, 
Cambridge), p.639. 
L a n
d a u , L . D . and E. M . Lifshitz, I960, F,1 e.ct.rodynamics of 
Media (Pergamon, New York), p. 51-54. 
Landau, L. D . and E. M. Lifshitz, 1987, Fluid.Mechanics (2nd 
ed., Pergamon, New York), P-40-50, 246. 
192 
t 
L e u n g , P. T. and K. Young,- 1991, Phys. Rev. A44. 593. 
L i n , H.-B., A. L. Huston, B. J. Justus, and A. J. Campillo, 
1986 , Opt. L e t t . JLi, 614 . 
Lin, H.-B., J. D. Eversole, and A. J. Campillo, 1990a, Opt. 
Commun. 77, 407. 
L i n , H.-B., J• D. Eversole, and A. J. Campillo, 1990b, Rev. 
Sci. Instrum. 61, 1018.
 v 
» 罐 
Lin, H.-B., A. L. Huston, J. D. Eversole, and A. J. Campillo, 
1990, J• Opt. Soc. Am. B7, 2079. 
Lin, H.-B., A. L. Huston, J. D. Eversole, A. J. Campillo, and 
P. Chylek, 1992, Opt. Lett. 17, 970. 
Mazumder M d . M., S. C. Hill, and P. W . Barber, 1992, J. Opt. 
Soc. Am. A9. 1844. 
Minkowski, H. , 1908, Nachr. Ges. Wiss. Gottingen, p. 53. 
Minkowski, H. , 1910, Math. Annaln. M , 472. 
M-ller, C. , 1972, The Theory of Relativity (2nd ed., Clarendon 
Press, Oxford)• 
Neppiras, E . A., 1980, Phys. Rep. 6i, 160. 
M i e , G . , 1908, Ann. d. Phys. (Leipzig) 25. 377. 
Mullen, R . A., 1990, IEEE J. Quantum Electron. 26, 1299. 
Nussenzveig, H. M., 1969, J. Math. Phys. 10, 125. 
N u s s e n z v e i g , H . M . , 1 9 7 7 , S c i . A m . 2 3 6 , 
N u s s e n z v e i g , H . M . , 1 9 7 9 , J . O p t . S o c . A m , 6 9 , 1 0 6 8 . 
Pang, K . M., 1993, stimulated Brillouin scattering in a 
Microdroplet. M.Phil, thesis (The Chinese University 
of Hong Kong)• 
Pang, K . M., 1994, personal communicant ion (The Chinese 
U n i v e r s i t y of Hong Kong, Hong, Kong). 
193 
Pauli, W . , 1922, 1958, Theory of Relativity (Pergamon, New . 
York). 
Peierls, R . , 1976, Proc. Roy. Soc. A347. 475. 
Peierls, R . , 1977, Proc. Roy. Soc. A355, 141. 
Peierls, R . , 1991, More Surprises in Theoretical Physics 
(Princeton, New Jersey), p.37-42. 
Penfield, P . and H . A . Haus, 1967, Electrodynamics of Moving 
« 
Media (MIT Press, Cambridge). 
Pinnick, R . G., A . Biswas, P. Chylek, R . L. Armstrong, H . 
Latifi, E . Creegan, V . Srivastava, M . Jarzembski, and 
G . Fernandez, 1988, Opt. Lett. 1 3 , 494. 
Purcell, E.M. , 1946, Phys. Rev. 681 . 
Qian, S.-X. and R . K . Chang, 1986, Phys. Rev. Lett. 56, 926. 
Qian, S.-X., J. B . Snow, H.-M. Tzeng, and R. K. Chang, 1986, 
Science, 237, 486. 
Rayleigh, J. W . S., 1871, Philos. M a g . 4i, 447. 
Rayleigh, J. W . S., 1872, Proc. Math. Soc. (London) 4 , 253. 
Reid, W . H., 1960, Quart. Appl. Math. 1 8 , 86. 
Robinson, F. N. H., 1975, Phys. Rep. 1 6 , 313. 
Rose, M . E., 1957, Klementarv Theory of Angular Momentum 
(Wiley, New York)• 
S n o w
, j. B., S.-X. Qian, and R . K. Chang, 1985, Opt. Lett. 10, 
37. • 
Srivastava, V. and M . A . Jarzembski, 1991, Opt. Lett. 16, 126. 
Taylor, T . D. and A . Acrivos, 1964, J. Fluid Mech. 18, 466. 
T z a n g
, H.-M., K . F. Wall, M . B. Long, and R. K. Chang, 1984, 
Opt Lett. 9, 499. ^ 
v a n
 de Hulst, H . C., 1981, Li,ht Scattering by SMA11 JParticles 
(Dover, New York), p. 1 " - 1 3 0 . 
194 
W a l k e r , G . B. , D. G . Lahoz, and G. Walker, 1975, Can J. Phys.. 
51, 2577. 
W a l k e r , G . B . and G . Walker, 1979, Can. J. Phys. 57, 667. 
W i r t h , F . H . , K . A. Juvan, D . H . Leach, J. C. Swindal, R . K. 
Chang, and P. T . Leung, 1992, Opt. Lett. , 17., 1334. 
Yamamoto, Y and R . E. Slusher, 1993, Phys. Today, 46. 66. 
X i e , J.-G., T. E. Ruekgauer, J. Gu, and R. L. Armstrong, 1991a, 
« 
O p t . Lett. 1 6 , 1310. 
Xie, J.-G., T . E . Ruekgauer, J. Gu, R . L. Armstrong, R . G . 
Pinnick, and J. D . Pendleton, 1991b, Opt. Lett. JL6, 
1817. 
Young, A. T., 1982, Phys. Today, 35. 42. 
Zhang, J.-Z. and R . K. Chang, 1988, Opt. Lett. 13, 916. 
Zhang, J.-Z. and E . K. Chang, 1989, J. Opt. Soc, Am. M , 151. 




C U H K Libraries— 
_ _ _ 
000275667 
‘"“
 v
 ^^^^^IHKH^H^^^HI^IHH^^^^^H^^^^^hh^^^hbi^^^^^^HH^. 
